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Abstract
During the 2006 El Paso-Juárez flood there were many concerns regarding the capability of the
existing stormwater system to handle 50- and 100-year flood events in El Paso, Texas and Juárez,
Mexico area. Moreover in 2008, a considerable wet year from the normal 223 mm of annual
precipitation for El Paso demonstrated that the area could very well received large amounts of
precipitation at localized areas in short periods of time, representing a great flood threat to residents
living in areas prone to flood. Some climate change projections for the area are exactly what had
occurred over the last two decades; an increased number of torrential rainstorms over smaller
concentrated pieces of land separated by longer years of drought between rainstorms.
This study consisted in three projects focused on three critical regions within the El Paso-Juárez
area that were greatly affected by the 2006 Flood. The goal was to identify if natural arroyos or the
existent built stormwater system, could properly managed the projected precipitation patterns. The three
projects described in this dissertation touch on the following points: a) the importance of a reliable
precipitation model that could accurately describes precipitation patterns in the region under extreme
drought and wet climates conditions; b) differences in land use/land cover characteristics as factors
promoting or disrupting the possibility for flooding, and c) limitations and capabilities of existent
stormwater systems and natural arroyos as means to control flooding.
Conclusions and recommendations are shown below, which apply not only to each particular
project, but also to all study areas and similar areas in the El Paso-Juárez region. Urbanization can
improve or worsen a pre-existing natural stormwater system if built under its required capacity. Such
capacity should be calculated considering extreme weather conditions, based on a denser network of
precipitation stations to capture the various microclimates found in the region and taking into account
climate change predictions. Development of new areas needs to consider not only the watershed of
study but its relation to other watersheds around them. Basin parameters seemed to be of low impact
while comparing them with precipitation rates. High resolution DEMs, such as those derived from
LiDAR can dramatically improve the accuracy and reliability of a hydrological model. Hardware
capabilities and limitations however should be considered. The overall recommendations derived from
vi

this dissertation are to direct new studies, policies and regulations at the three levels of government –
local, state and federal – to: limit urban development to areas of no or low potential for flooding;
implementing some type of ecological, green corridors, or conservation easements to preserve these
areas; build semi-natural or hybrid stormwater infrastructure to slowdown, collect, and ultimately,
transport runoff to the Rio Grande or any other waterway; consider extreme wet and dry scenarios for
designation of flood-prone areas and future construction of stormwater infrastructure; and design
stormwater infrastructure to retrofit the existing natural and irrigation drains.
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Chapter 1: Introduction
During the 2006 El Paso-Juárez flood there were many concerns regarding the capability of the
existing stormwater system to handle 50- and 100-year flood events in El Paso, Texas and Juárez,
Mexico area. Moreover in 2008, a considerable wet year (Gill et al., 2009) from the normal 223 mm of
annual precipitation for El Paso demonstrated that the area could very well received large amounts of
precipitation at localized areas in short periods of time, representing a great flood threat to residents
living in areas prone to flood. Some climate change projections for the area are exactly what had
occurred over the last two decades; an increased number of torrential rainstorms over smaller
concentrated pieces of land separated by longer years of drought between rainstorms (NMED, 2005;
Diffenbaugh et al., 2008; and Nielsen-Gammon, 2008).
The goal of this investigation is to study three critical regions within the El Paso-Juárez area, and
identify if natural arroyos or the existent built stormwater system, could properly managed the projected
precipitation patterns. Moreover, to provide a series of recommendations from results derived from the
various observations and analyses done throughout the study. The three projects described in the
following three chapters explain in detail each study. Similarly, these three projects touch on the
important points listed below.
a)

The importance of a reliable precipitation model that could accurately describes

precipitation patterns in the region under extreme drought and wet climates conditions.
b)

Differences in land use/land cover characteristics as factors promoting or disrupting the

possibility for flooding, and
c)

Limitations and capabilities of existent stormwater systems and natural arroyos as means

to control flooding.
The three next chapters describe each one of the different studies distributed on three specific
areas as sown in Figure 1.1. The first project outlined in Chapter 2 “Peak Discharge Calculation for an
Undeveloped Area Within the City of El Paso, Texas, Using A Comprehensive GIS Analysis”,
investigates the Thunderbird Basin in the western part of the Franklin Mountains that is the main natural
contributing area for one of the stormwater systems that failed during the 2006 flood. The main
1

objective of this project is to predict peak discharge (Qp) values at the basin outlet where it meets the
failed storm water system. This chapter makes emphasis on the difference of rainfall received at lower
elevations such as in the populated areas versus the precipitation received above the urbanized area at
elevations above 1,300 m.
The second project explained in Chapter 3, “Potential Flood Risk Increase in the Lower
Elevations of Ciudad Juárez, Mexico, due to the Construction of the Camino Real Highway”, was
motivated in part by the construction of the Camino Real Highway: a six-lane paved road built in 2007
in the western part of Ciudad Juárez, Mexico (Figure 1.1). This new road has been built between the
mountainous region of Sierra Juárez and the urban area of Juárez intersecting more than fifty arroyos
that have their headwaters in the mountains in the undeveloped area west of Juárez. Our study addresses
the possibility of an increased risk of flooding due to the construction of this road. This paper was
presented at the 2010 Annual Conference of the Universities Council on Water Resources (UCOWR),
National Institutes for Water Resources (NIWR), titled: HydroFutures: Water Science, Technology and
Communities, held in Seattle, Washington, from July 13, through July 15, 2010.
The title of the third project included in this dissertation is “Flooding Attributed to Recent Urban
Development in The Upper Valley of The Rio Grande, El Paso, Texas”. This project is explained in
detail in Chapter 3 and addresses the issue of urbanization of undeveloped or agricultural land, which for
our study area occurs at the El Paso Upper Valley. Urbanization is spreading into previous agricultural
fields modifying the geomorphology of natural drains, where in most cases has decreased the drains
width and has flattened their slope banks. Additionally, concrete lined canals and other manmade
structures, such as rock-walls had replaced the floodplains of existing arroyos. The study focuses on
field observations and aided with remote sensing, GIS, and hydrologic modeling to identify areas of
concern and prone to flood due to urbanization. Changes to land use/land cover from high-permeable
undeveloped or agricultural land replaced with low-permeable urbanized surfaces are discussed in this
chapter as possible factors responsible for some of the localized flooding in the area. That said, flooding
can be exacerbated with the existing urbanization trends, as the overall permeable land is diminished,

2

particularly if drains or any other stormwater structures are not built properly to transport or collect the
correct amount of stormwater runoff.

3

El Paso
Upper Valley
Basin
Thunderbird
Basin

Arroyo de
Las Víboras
Basin

Figure 1.1: Map showing the location of the three areas of study included on this dissertation. The El
Paso Upper Valley, El Paso, Texas; the Thunderbird basin within the Franklin Mountains
in El Paso, Texas; and the Arroyo de Las Víboras in Ciudad Juarez, Mexico.
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Chapter 2: Peak Discharge Calculation For An Undeveloped Area Within The City
of El Paso, Texas, Using A Comprehensive GIS Analysis
2.1

Introduction
This paper describes one of three papers included on this document as part of the requirements

for a doctoral degree presented by Mr. Alberto Barud to The University of Texas at El Paso Graduate
School. The main topic covered on this paper is the effect of topography in precipitation in the El Paso,
Texas and its impact on calculated peak discharge for the design of stormwater systems.
2.1.1 Problem Statement
The monsoon season of 2006 in El Paso, Texas, was one of the wettest years in the historical
record of the NOAA precipitation data. In particular, the mountainous terrain in El Paso received up to
16 in of rain in a 24-hr period. This high amount of rainfall caused several flooding throughout the city
that lead to referring such event as ¨The 2006 El Paso Flood¨. The 2006 El Paso Flood brought up a
series of questions and concerns regarding the capacity of the stormwater infrastructure as well as the
classification of the flood event (e.g. 50- or 100-yr flood event). In summary, it showed governments,
residents, and engineers of the City of El Paso that portions of the existing infrastructure was inadequate
to handle a large amount of water precipitated in a short period of time (< 24 hrs). The damage created
by the 2006 flood was enough to spur the creation of a Wastewater Master Plan (EPWU, 2009). A
problem remains as this master plan (MCI, 2007), and other hydrological and flood studies have used
predicted peak discharge values to design stormwater infrastructure and that may not accurately
represent the land and soil conditions (Walton, 2009).
The purpose of this study is to improve upon the calculated peak discharge values for the area
most affected by the 2006 flood (Figure 2.1) as described by the El Paso Water Utilities Master Plan
(2009). Since storms with durations of less than 24-hours showed to be the most critical during 2006,
we focused our study on storms of this duration. The study also considers the pre-existing watersaturation condition of the soil, as it seems to be an important factor somewhat overlooked in previous
calculations. The ultimate goal of the study is to identify which factors have the most impact on the

5

calculated predicted peak discharge so that engineered stormwater infrastructure uses the most accurate
peak discharge parameter for the basin of study.
2.1.2 Hypothesis
Peak discharge calculations for the Thunderbird Basin within the limits of the City of El Paso are
not reliable enough to use in the design of stormwater infrastructure. One reason is that existing peak
discharge calculations are based upon precipitation data recorded at the El Paso International Airport.
Where the airport is at an elevation of 1,206 m above mean sea level (amsl), a much lower elevation
than the developed areas above 1,300 m amsl around the Franklin Mountains and the location of our
area of study that were affected by the 2006 flood. In fact, many of these developed areas suffered a
large amount of stormwater runoff from precipitation that fell at even higher elevations, up to 2,000 m
amsl that this extreme precipitation rates are not factored into current peak discharge calculations.
Precipitation intensity rates such as those during the El Paso 2006 flood showed that a) many of
the El Paso stormwater infrastructure, performed according to specifications, but the amount of runoff
was larger than previously calculated by MCI (2007); b) estimated rainfall from previous recorded data
was inconsistent with the amount of rainfall measured at Dr. Green Elementary school located west of
the Franklin Mountains State Park; and c) the amount of rainfall precipitated at higher elevations has not
been considered previously to calculate peak discharge values.
2.1.3 Significance of the Research
An important aspect of this study is the inclusion of the orographic enhancement of rainfall
effect produced by the Franklin Mountains in El Paso. The study area (Figure 2.1) lies along the
western flank of the Franklin Mountains at about 1,300 m amsl, as many new areas under development
on the west flank of the Franklin Mountains. Any findings from this study are transferable and
applicable to these areas, offering the possibility of reducing flooding during an extreme rainfall event.
2.2

Background
There are three main considerations for this study. First, the effect of topography in precipitation;

second, the enormous discrepancy between historical precipitation intensity and the actual precipitation
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values recorded on August 1, 2006; and third, the current design of stormwater infrastructure. These
three considerations are described below in more detail.

2.2.1 Orographic Enhancement of Rainfall
Spatial patterns of precipitation are known to be highly dependent on meteorological conditions
and topographic relief (Prudhomme, 1999).

However, the relationships between precipitation and

topography in mountainous areas are not very well known, partly because of the complex topography in
these regions, and partly because of the scarcity of information available to study such relationships in
high elevation areas (Prudhomme, 1999). Due to the lack of historical precipitation records for the
mountainous area of El Paso at elevations above 1,300 m amsl, estimated precipitation values in these
areas are usually inaccurate, leading to erroneous calculations of peak discharge values. In addition to
the orographic enhancement of rainfall, long-term climatic changes may alter the frequency and
magnitude of rainfall events and the distribution of rainfall with altitude (Malby et al., 2007). These
events could be characterized for precipitating large volumes of water at more localized geographic
areas spread out for larger periods of drought.
2.2.2 Intensity-Duration-Frequency Curves
Intensity-Duration-Frequency (IDF) curves show the relationship between rainfall intensity and
storm duration at any specific geographic location. There are formulas that estimate this relation, which
are mainly regression equations that validate certain ranges of storm durations. For El Paso, Texas the
relevant documents that define these relations are the NOAA Technical Memorandum NWS Hydro 35
(NOAA, 1977) and NOAA Technical Paper 49 (Miller, 1964). These two documents set the guidelines
for creating IDF curves for Texas. Nevertheless, West Texas and East Texas have very different rainfall
patterns, and even more different topography that hardly are applicable for such a different set of
locations. A customized IDF curve for El Paso would help improving stormwater runoff calculations.
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2.2.3 The El Paso Stormwater Drainage System
Over decades, the City of El Paso has built stormwater infrastructure that could handle 50-yr
storms without experiencing critical flooding, at least in the west flank of the Franklin Mountains. The
design of many flooding infrastructure in El Paso, TX, was based on calculations using precipitation
data from the El Paso International Airport. These designs are in accordance with Federal Emergency
Management Agency (FEMA) and Texas Department of Transportation (TXDOT) guidelines (Miller,
1964; NOAA 1977).
2.3

Location
The study area is the Thunderbird basin, which lies in west El Paso adjacent to the Franklin

Mountains State Park (Figure 1.1 and Figure 2.2). The study area was chosen with the following criteria
in mind: 1) it is a catchment within an undeveloped area with minimal man-made structures, such as
bridges, roads, channels, etc.; and 2) the stormwater drainage infrastructure fed by the catchment failed
during the 2006 flood. The rationale behind these criteria is that this basin is a good representation of
other basins along the western Franklin Mountains and it is located the closest to one of the precipitation
stations used for evaluating our hypothesis. The El Paso Stormwater Master Plan (EPWU, 2009) subdivides the Thunderbird basin into two sub-basins: Silver Springs Channels 2 (SSC_2) and Silver
Springs Channel 1 (SSC_1), which are the upper and lower parts of the Thunderbird basin respectively
(Figure 2.3; MCI, 2007). Estimated peak discharge during the 2006 flood was up to 54.71 m3/s (MCI,
2007) and dramatically flooded Silver Springs Drive and Shadow Mountain Drive.
2.4

Methodology
This investigation included several sources of precipitation data. These sources of information

are explained below. Additionally, there were three methods used for calculating peak discharge and
finally the use of the Tornado diagram was used to show the sensitivity of each parameter. All of these
methods are described below.
2.4.1 Historical Measurements of Precipitation
We analyzed a broad range of precipitation data collected by various entities, such as schools,
TV stations, universities, government offices, and private industry facilities. Figure xx shows the
8

location of these precipitation stations. The organizations in charge of maintaining, collecting, and
storing the datasets are: a) the Community Collaborative Rain, Hail and Snow Network (CoCoRaHS); b)
the GLOBE Program; c) the Texas Commission on Environmental Quality (TCEQ); d) the National
Oceanic and Atmospheric Administration (NOAA); and e) the National Climatic Data Center (NCDC).
The CoCoRaHS network (http://www.cocorahs.org) is a grassroots volunteer network that,
among other activities, collects precipitation data throughout the United States. Its goal is to have one
observer per square mile in urban areas and one observer per 36 square miles in rural areas. Most of the
stations on the CoCoRaHS Network are located at the residences of volunteers. CoCoRaHS staff
member Julian Turner provided CoCoRaHS precipitation data for the period from January 2007 through
November 2009 in a comma-delimited file to be imported into ArcGIS.
The GLOBE Program (http://www.globe.gov) is an interagency program funded by the National
Aeronautics and Space Administration (NASA), and the National Science Foundation (NSF). The
vision of the GLOBE Program is to have “a worldwide community of students, teachers, scientists, and
citizens working together to better understand, sustain, and improve Earth's environment at local,
regional, and global scales.” To this end, GLOBE coordinates with schools and other entities to collect
weather and climate data. Precipitation data for the period from September 1998 through October 2009
were downloaded from the GLOBE website in a text format and processed into a single precipitation
table to be converted into a master GIS file for all stations.
The TCEQ air-monitoring stations located throughout the state monitor the air quality in Texas
were utilized as part of this investigation. There are 15 TCEQ stations within the cities of El Paso,
Texas and Ciudad Juárez, Mexico that measure either pollution levels or meteorological parameters.
Among the stations that monitor meteorological parameters, there are two stations (CAMS12 located at
UTEP and CAMS36 located in the El Paso Lower Valley that collect precipitation data. Precipitation
data for the period between August 2004 and January 2007 were obtained for the CAMS12 station, and
precipitation data for the time period between August 1998 and August 2004 were obtained for the
CAMS36 station. These data were downloaded from the TCEQ website (http://www.tceq.state.tx.us).
These dataset were downloaded in comma-delimited format and converted into an ArcGIS format.
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Additional precipitation data was obtained from the National Oceanic and Atmospheric
Administration (NOAA) weather station at Santa Teresa, New Mexico (http://www.srh.noaa.gov/elp).
These data, however, are preliminary and subject to revision by the National Climatic Data Center
(NCDC; http://www.ncdc.noaa.gov), but the quality control process can take some time to release the
official information. In many cases the data are not QA/QC for errors or omissions, but from experience
using these datasets for previous studies, most of the time the data is clean of errors. We obtained
annual precipitation data for the period between 1878 and 2009 (Figure 2.4). During this time the
average annual rainfall was 22.3 mm, with a maximum of 46.5 mm in 1884 and a minimum of 5.6 mm
in 1891. The Annual precipitation for El Paso in 2006 was 44.5 mm, which is the fourth largest
precipitation recorded in any given year for this precipitation station for the last 120 years. In August
2006 alone, the amount of precipitation recorded at El Paso International Airport was the highest for the
last 120 years with 17.39 mm (Figure 2.5). The precipitation recorded at the airport for August 1st,
2006, was 6.85 mm, also shown in Figure 2.5.
The data from all the sources described above were compiled into a single master database and
converted into an ArcGIS format. We then selected all the single readings for the August 1, 2006 and
generated a precipitation map with data collected from the various agencies mentioned above (Figure
2.6).
2.4.2 DEM Generation and Watershed Delineation
The WMS software used for hydrologic modeling in this study requires a digital elevation model
(DEM) to define basin topographic and hydrographic parameters. For this study, we used the Texas
Department of Transportation (TXDOT) elevation dataset acquired by SAM, Inc. in October 2003,
SAM, Inc. flew digital orthophotography and acquired elevation data for all of El Paso County,
excluding Fort Bliss. A DEM was generated from TXDOT elevation data points using Global Mapper
(GM) (version 11.0) software (http://globalmapper.com). Once loaded into GM we created a 3-m grid
DEM and then exported to WMS. Finally, the DEM was manually edited in WMS to include a
detention pond and concrete lined channel that communicates the northern and southern parts of the
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Thunderbird basin. We made these corrections manually to correct for any missing topographic features
omitted on the elevation dataset.
The WMS Hydrologic Modeling Wizard was used to delineate the watershed boundary for the
Thunderbird basin. Once the DEM is loaded into WMS, we ran the Topographic Parameterization
Program (TOPAZ) software, developed by Martz and Garbrecht (1992) to compute flow directions and
flow accumulations, which are gridded files containing the direction of flow and amount of contributing
cells to a particular point, respectively. In general, TOPAZ processes a raster DEM to identify and
measure topographic features that are needed to characterize a watershed in support of hydrologic
modeling and analysis. Once the flow directions and flow accumulations were computed, the basin
outlet was manually located by the user assisted with aerial photography and the location of streams
represented in a GIS layer. The location of the Thunderbird basin outlet was selected at the intersection
of Stanton Street and Silver Springs Road, just before the Thunderbird basin runoff funnels into the
rebuilt stormwater culvert that failed during the 2006. Figure 2.2 shows the delineated watershed for the
Thunderbird basin.
2.4.3 Peak Discharge Calculation
We calculated peak discharge for the study area using three methods: 1) the Rational Method
(Ferguson, 1998); 2) the Tabular Method (USDA, 1986); and the United States Geological Survey
(USGS) National Streamflow Statistics (NSS) method (Ries III, 2007; Turnipseed and Ries, 2007). All
peak discharge calculations were performed using WMS simulations.
2.4.3.1 Rational Method
This method is the most widely used, uncalibrated method to calculate peak discharge (Pilgrim,
1989). Kuichling (1889) was the first to mention the rational method in the scientific literature, although
some others attribute the principles of the method to Mulvaney (1851). In England, the method is often
referred to as the Lloyd-Davies (1906) method. The rational method has been used to estimate peak
flows or peak discharge from small urban drainage areas, and its application is usually restricted to
catchment areas smaller than 200 acres or 80.9 ha.
The rational method is based on the equation below (Kuichling, 1889):
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Qp = C i Ad

(2.1),

Where Qp is peak discharge (in cms), C is the runoff coefficient (0<C<1; unitless), i is rainfall
intensity (in mm/hr), and Ad is drainage area (in ha). Runoff coefficient is the amount of rainfall that
runs off at the surface at is not able to get soaked into the ground. According to this method, the runoff
coefficient provides the relation of the amount of water that will runs off at the surface of the basin.
According to the Drainage Manual for El Paso County (City of El Paso, 2008), C values
according to their land use for the El Paso area are shown in Table 2.1. The values highlighted in blue
are specific to the Thunderbird basin according to the type of land use existent at the basin. The highest
values in Figure 2.1 are applicable to the entire El Paso area and range from 0.80 to 0.95 for areas with
the steepest slopes greater than 10%.
The rainfall intensity values used by the Federal Emergency Management Administration
(FEMA) for all flooding purposes for the El Paso, TX are shown in Table 2.2 and Figure 2.7.
Precipitation data acquired at El Paso International Airport from historical records was used in addition
to the precipitation data for all other stations and shown on Figure 2.6.
2.4.3.2 Tabular Method
The Tabular Method (TR-55) was developed by the United States Department of Agriculture
(USDA), Soil Conservation Service (SCS), forerunner of the Natural Resources Conservation Service
(NRCS), and presents simplified procedures from pre-existing methods to calculate the storm runoff
volume, peak rate of discharge, hydrographs, and storage volumes required for floodwater reservoirs.
This method is applicable to small-urbanized watersheds, but can be used with other watersheds if
certain limitations are met (ref). The relationship used for calculating peak discharge is (NOAA, 1977):

Qp = Qu Am R Fp

(2.2),
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where Qp is peak discharge (in cms), Qu is tabular hydrograph unit peak discharge (in
cms/km2/mm), Am is total drainage area (in km2), R is the depth of runoff over the entire watershed (in
mm), and Fp is the pond and swamp adjustment factor (unitless).
To calculate peak discharge, WMS gathers most of the data from the DEM, but the user need to
input the type of rainfall distribution, as depicted by the most intense short duration rainfall (USDA,
1986; Figure 2.8).
2.4.3.3 NSS Method
The NSS method is based on a set of equations for estimating the flood magnitude and frequency
of ungaged watersheds throughout the entire ºUS (Ries III, 2007). The current set of equations for
Texas was compiled by Asquith and Slade (1997) and are shown in Table 2.3. To develop these
equations Asquith and Slade (1997) estimated peak-streamflow frequency for 559 Texas stations with
annual peak streamflow data through 1993. These estimates included USGS station id 08365800,
referred to as “Government Ditch at El Paso, Texas”. Appendix A has detailed information about this
station. All stations used by Asquith and Slade (1997) were defined as natural, unregulated and rural, or
non-urbanized basins. However, station id 08365800 shown in Appendix A is mainly urbanized with
two sections that are not developed or are in a semi-natural-stage as they serve as detention ponds. Its
catchment area contributes runoff into Spencer Brook where streamflow was measured between 1958
and 1977 (Asquith and Slade, 1997). Spencer Brook feeds into Durango dam, located underneath the
intersection of Interstate Highway 10 and US Highway 54 in Central El Paso (Figure 2.9). In summary,
equations proposed by Asquith and Slade (1997) are based on the Spencer Brook and the McKelligon
Canyon arroyo, which lacks of historical data. WMS requires a Texas Hydrological Region, which for
our study area corresponds to Region 2 as shown in Figure 2.10. Equation (3) below depicts the formula
that defines the 100-year flood for El Paso using the NSS Method. Similarly, the NSS method included
within WMS calculates peak discharge and requires an input value for the conterminous US floodregion as outlined by Crippen and Bue (1977). Figure 2.11 shows that Thunderbird basin lies within US
flood-region 16.
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Q100 = 199000 A0.361 SL-1.34 SH0.531

(3),

where Q100 is peak streamflow for the 100 year storm (in cfs), A is the contributing drainage area
(in mi2), SL is stream slope (in ft/mi), and SH is basin shape factor (unitless).
2.4.4

Construction of Intensity-Duration-Frequency Curves
FEMA utilizes IDF curves for the US from IDF curves calculated based on various NOAA

documents. The IDF curves for El Paso, TX are shown in Figure 2.7. These curves were generated
following three documents depending on the duration of the storm and are based in documents
developed for the eastern United States. The three documents are: NOAA Technical Memorandum
NWS Hydro 35 (NOAA, 1977); Technical Paper 40, Rainfall Frequency Atlas of the United States for
Durations from 30 minutes to 24 Hours and Return Periods from 1 to 100 Years (Hershfield, 1961); and
Technical Paper 49 for two to ten day precipitation, for return periods of 2 to 100 years in the
Contiguous United States (Miller, 1964). The NOAA Technical Memorandum NWS Hydro 35 (NOAA,
1977) is used for areas located west of 105˚ W longitude, such as Hudspeth and El Paso counties in
Texas. This is used to calculate precipitation frequency for storms with durations from 5 to 60-minutes
and return periods from 2 to 100 years. Technical Paper 40, Rainfall Frequency Atlas of the United
States for Durations from 30 minutes to 24 Hours and Return Periods from 1 to 100 Years (Hershfield,
1961), is used to calculate precipitation frequency for storms with durations from 30 minutes to 24 hours
and return periods from 1 to 100 years. Last, Technical Paper 49 is used to calculate precipitation
frequency for storms with durations from two to ten days, for return periods of 2 to 100 years in the
Contiguous United States (Miller, 1964).
The National Weather Service (NWS) Precipitation Frequency Data Server (PFDS) website
(http://hdsc.nws.noaa.gov/hdsc/pfds/) allows for the calculation of an IDF curve specific to a certain
location. Because we are concern that the IDF curve for El Paso is not as applicable to El Paso than the
rest of Texas, we generated an IDF curve for a point located in Santa Teresa, NM, about 9.6 km west of
Thunderbird basin (Figure 2.12). The IDF curves for New Mexico are based on NOAA Atlas 14 (Perica
et al., 2006) for all storm durations, which are tailored for the Semiarid Southwest. Therefore,
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topography and climate of our study area is more similar to that in New Mexico than to that in the rest of
the state of Texas.
Precipitation recorded at two other non-NWS precipitation stations located at Hornedo Middle
school (+1,230 m in elevation) and Dr. Green Elementary school (above 1,1300 m in elevation) and
both, within 1.5 km from Thunderbird basin, suggests that the amount of rainfall received during August
2006 was well above the 100-yr storm (Table 2.4). Gill et al. (2009) compared precipitation records
from Dr. Green Elementary school, to data from El Paso Airport and estimated the maximum annual
return interval for precipitation during the 2006 monsoon in El Paso. They concluded that the average
return periods at the airport match well with preexisting IDF curves (Figure 2.7).

However, the

precipitation data from Dr. Green elementary school, average return periods would be ~50 to 200 years
on time scales of <2 hr, and >1,000 years on time scales of 3 hr to 60 days (Gill et al., 2009) (Table 2.4).
Similarly to the amount of precipitation, Asquith et al. (2006) show that the average number of
days without rain for the El Paso County, Texas, ranges from 12.1 to 14.0 days between two consecutive
6-hour minimum events (Figure 2.13), and ranges from 16.1 to 19.4 days between two consecutive 24hour minimum events (Figure 2.14). In other words, the time span between two consecutive 6- and 24hr events is greater than 12 days, meaning that there is very little probability of two consecutive storm
events to occur in less than two or fewer days. During the monsoon season of 2006 this happened
several times. Our model needed to reflect these extreme weather conditions in which the area received
large amounts of precipitation in short periods of time, drastically changing the antecedent moisture
condition (AMC) of the soil. In summary what we experienced during 2006 versus other years in El
Paso was an AMC either too dry or too wet, which will greatly affect the n extremely wet could be
either very dry or very wet.
2.4.5

El Paso Soils
The characteristics of soils greatly affect the amount of runoff generated during a storm, and for

this reason hydrological investigations require information on the characteristics of soils including
permeability, texture, bulk density, and hydraulic conductivity. The soil associations in the Thunderbird
basin are described in detail in the El Paso County soil survey published by the USDA Soil
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Conservation Service (Jaco, 1971).

The three soil associations present in our study area are: 1)

limestone rock land-Lozier association (LM); 2) Igneous rock land-Brewster association (IN); and 3)
Delnorte-Canutio association, hilly (DCD). Figure 2.15 shows the extent of these three soil associations.
Figure 2.16 shows a generalized cartoon of the major land types present in the Franklin Mountains
(Jaco, 1971).
2.4.5.1 Limestone Rock Land-Lozier Association
This unit occurs in the western part of the Franklin Mountains and is the dominant soil
association in the study area (Figure 2.17). This soil association is found in irregularly shaped areas that
range from 20 ha to several hundred ha in size. This soil association occupies the upper and steepest (>
45°) sections of the study area, where it occurs as wide, elongated exposures of stratified limestone that
dip to the west. The soils are friable and readily take in water. Although they can store moisture from
light rains, they are so stony and shallow, that much of the water from heavy rains runs off. Surface
drainage is rapid, and erosion might cause a hazard to the area downslope, unless the soils are protected
by grass. The plant community found growing on this soils type includes grasses and bushes such as
agarita, lechuguilla, ocotillo, sotol, and others.
2.4.5.2 Igneous Rock Land-Brewster Association
At the northern and southern ends of the basin, this unit occurs in two small (8 and 2 ha,
respectively), irregular patches (Figure 2.15). This association occurs in elongated and wide exposures
of igneous rocks like granite, and rhyolite. Slopes range from 17° to almost vertical escarpments several
hundred meters high (Figure 2.18). The Brewster soils association occupies the lowest section and parts
of the association with the shallowest slope. These soils typically have a surface layer of dark, reddishbrown, mildly alkaline, stoney, clay loam, about 25 cm thick. Just below the surface layer is igneous
bedrock. With slopes ranging from 6° to 17° and are convex. The soils have high levels of calcite and
low available moisture capacity. They are friable and take in water readily. Most of the water is stored
if rainfall is light, but if rainfall is heavy, however, runoff is rapid, and erosion is a severe hazard in
areas that are unprotected by grass. The plant community on these surfaces is made up of grasses. Only
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about 5 percent of the plant community is composed of woody plants, such as range ratany, dalea, sotol,
yucca, and lechuguilla.
2.4.5.3 Delnorte-Canutio Association, Hilly
This soil association occurs in the basin lowlands just at the foothills of the Franklin Mountains.
About 60 percent of the association is Delnorte soils, 20 percent is Canutio soils, and the rest is a
mixture of other soils. The Delnorte soils are found on the hills, and the Canutio soils are found in the
arroyos. The Delnorte-Canutio association occupies most of the lower portions of the basin where
slopes decrease substantially from higher elevations closer to the Franklin Mountains. Slopes range
from 3° to 5° on ridge tops and in arroyos, and they are as much as 17° on hillsides. Typically, the
surface layer of Delnorte soils is pinkish-gray to pale-brown, gravelly about 15 cm thick. Just below
this surface layer one can find a thin layer of white and strongly cemented caliche. The Canutio
association typically have a surface layer of pale-brown, very gravelly and sandy loam about 11 inches
thick. Underlying this layer are alluvial deposits of pale-brown, very gravelly, sandy several feet thick.
The plant community on these soils includes grasses. About 5 percent of the plant community includes
woody increasers such as range ratany, dalea, and skeletonleaf goldeneye.
2.4.6

El Paso Land Cover and Land Use
The need to use a land cover layer is important for our study. We use the National Land Cover

Database 2001, which is available as a GIS layer via the USGS Internet map server
(http://www.seamless.usgs.gov).

Using the database, we generated the land use/cover map of the

Thunderbird basin shown in Figure 2.19. The Thunderbird basin contains six land use/cover classes:
Class 21: Developed, Open Space; Class 22: Developed, Low Intensity; Class 23: Developed, Medium
Intensity; Class 42: Evergreen Forest, Class 52: Shrub/Scrub; and Class 71: Grassland/Herbaceous.
WMS requires a composite curve number (CCN), which is extracted from the land use/land cover layer.
The CCN is calculated as an area-weighted average of the different curve numbers for the different
regions (soil type and land use combinations) to convert a qualitative description into a single hard
number.
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2.4.6.1 Class 21: Developed, Open Space
This class includes areas with a mixture of a minor amount of constructed materials like concrete
channels, or power lines, etc., and extensive vegetation in the form of lawn grasses. Impervious surfaces
account for less than 20 percent of total cover in this class (Fry et al., 2009). In El Paso County, these
areas most commonly include large-lot, single-family housing units, parks, golf courses, and vegetation
planted in developed settings for recreation, erosion control, or aesthetic purposes. In the Thunderbird
basin, this class includes unpaved access roads that cross the area in a north-south direction. The
amount of land under the Thunderbird basin is 0.06 km2 that represents 2.10% of the total catchment
area.
2.4.6.2 Class 22: Developed, Low Intensity
This class includes areas with a mixture of constructed materials and vegetation, and impervious
surfaces account for 20-49 percent of total cover (Fry et al., 2009). This class includes areas with singlefamily housing units along Thunderbird Road and the Camino Estancias Drive. The Camino Estancias
road has three sets of stormwater runoff infrastructures to allow stormwater runoff flow across the
elevated paved Camino Estancias Drive road. These three culverts communicate the northern and
southeastern sections of the Thunderbird basin with the last section or reach at the southwestern part of
the Thunderbird basin. The outlet of this last reach of the basin meets with Silver Spring Road and the
stormwater drain that failed during the 2006. Class 22: Developed, Low Intensity land cover accounts
for 0.13 km2 of land, representing 4.12% of the total basin area.
2.4.6.3 Class 23: Developed, Medium Intensity
This land cover class includes areas with a mixture of constructed materials and vegetation.
Impervious surfaces account for 50-79 percent of the total cover (Fry et al., 2009). This class is most
commonly associated with single-family housing units with smaller areas of undeveloped land around
them than Classes 21 and 22. The amount of Developed, Medium Intensity land cover is 0.02 km2 that
represents 0.76% of the total Thunderbird basin area.
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2.4.6.4 Class 42: Evergreen Forest
According to Fry et al. (2009) this class is characterized by more than 20 percent vegetation
covered that is dominated by trees generally greater than 5-m tall of which 75 percent of the tree species
maintain their leaves all year. However, during fieldwork, authors ground-truth these classes and noted
that this particular class does not contain trees taller than 5-m, but large honey mesquite bushes/trees
that range in height from 2 to 5 m. The extent of this class is 0.08 km2 or 2.71 % of the total basin area.
2.4.6.5 Class 52: Shrub/Scrub
Fry et al., (2007) described this class as areas dominated by < 5-m high shrubs, with shrub
canopy typically greater than 20% of total vegetation.

From our ground-truth fieldwork, we

corroborated that this class includes mostly tree shrubs, but also contains young trees in an early
succession stage or trees stunted from environmental conditions. This is typical for the El Paso area, as
most trees will have stunted growth unless they are located very close to an artificial water source such
as a stormwater drain. Most of the land (1.74 km2 or 56.97% of the total basin area) within the
Thunderbird basin is included in this land cover/use type.
2.4.6.6 Class 71: Grassland/Herbaceous
This land cover class is made of greater than 80% of graminoid or herbaceous vegetation (Fry et
al., 2009). These areas are not subject to intensive management such as tilling, but can be utilized for
grazing. In the Thunderbird basin, these areas can contain completely non-vegetated patches and
exposures of bare rock. This class comprises the second most abundant land cover class in the study
area (1.02 km2 or 33.35% of the total basin area).
2.4.7

Sensitivity Analysis
Only a few systematic analyses have been done concerning the sensitivity of peak discharge to

assess the uncertainty of peak discharge due to the variability of factors, such as precipitation, terrain
conditions, roughness, soil properties, etc. Our study includes a sensitivity analysis using the Tornado
plot (Project Management Institute, 2008) to identify the variables that impact peak discharge the most.
The objective of this sensitivity analysis is to assess the range of possible values and their impact in the
hydrological model. Additionally, we want to identify which method is more sensible to a specific
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parameter than other.

The sensitivity analysis involves determining the response change in peak

discharge calculation methods to the change in one of the parameters. The main parameters considered
for this analysis depended on each method’s formula, nut in a general sense these parameters were
runoff coefficient, soil related parameters, basin terrain physical parameters, and rainfall intensity.
2.5

Results
The section below describes the results from our study. This section is divided into four parts.

The first part shows the basin analysis using the WMS software. A second part explains the calculation
of peak discharge using the Rational Method. A third part explains how peak discharge was calculated
using the National Streamflow Statistics (NSS) Method and the last part describes the use of the SCS
TR-55/Tabular Method.
2.5.1

Basin Analysis
We show the Thunderbird basin boundary (Figure 2.2) and calculated basin parameters (Table

2.5). The computed basin parameters were extracted from the TXDOT-derived DEM with 3 m pixel
size as described in the Data and Methods section. WMS computed many parameters including basin
and stream parameters for the various sections or reaches of each waterway. Here, we are only
describing the most important parameters for the entire Thunderbird basin with respect to a hydrological
investigation. The total basin area of Thunderbird basin is 3.056 km with a perimeter of 11.55 km,
creating a fairly elongated basin of roughly 3.4 km long by 1.5 km wide. The basin’s maximum flow
watercourse average slope is 0.1616 m/m, with very steep areas around the arroyos, giving a basin
overland slope of 0.5303 m/m. The overall basin length (L) is 3.35 km, with a sinuosity value of 1.18
calculated by dividing the maximum flow (watercourse) length (MSL) of 3.9383 m by the basin length
of 3.35. The maximum flow distance (MFD) or basin length along the main channel from outlet to
upstream boundary was calculated at 4.11 km.
With the assistance of WMS, we also computed basin parameters using the generated DEM, soil
type, and land cover GIS thematic layers. Once basin parameters were extracted we ran several
simulations using the most commonly used hydrological methods available in the market. We ran these
hydrologic simulations using several values for the parameters involved generating several scenarios
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aimed to provide a broad range of results. The results of these simulations are explained below and
complete results are further discussed in the Discussion section.
2.5.2

Rational Method
We ran several simulations applying The Rational Method (Pilgrim, 1989; Kuichling, 1889)

using various precipitation estimates depending on return period. The rational method is generally
considered to be an approximate model for computing the flood peak resulting from a given rainfall,
with the runoff coefficient accounting for all differences between the rainfall intensity and the flood
peak. Such differences result from infiltration, temporary storage, and other losses.
2.5.2.1 Runoff Coefficients
The amount of runoff related to the amount of precipitation received is known as the runoff
coefficient (C). Authors such as Labye et al. (1988) and TXDOT (2009) state that the total runoff
coefficient depends on four factors: relief, soil infiltration, vegetal cover, and surface. Its value can
range from 0.05 to 1.0 for an urban/developed area. However, runoff coefficient values for rural or
undeveloped basins range from 0.20 to 0.75.

Runoff coefficient increases when slope increases,

vegetation cover diminishes, the soil becomes heavier and extent of water bodies decreases. Therefore
runoff coefficient is defined as:
C =( Cr + Ci + Cv + Cs ) * Cf

(4),

where Cr is the relief component of the runoff coefficient, Ci is the soil infiltration component of
the runoff coefficient, Cv is the vegetation component of the runoff coefficient, Cs is the surface
component of the runoff coefficient, and Cf is the runoff coefficient adjustment factor, which ranges
from 1.1 to 1.25 and depends on the recurrence interval (TXDOT, 2009; Table 2.6).
This means that C is the fraction of water that reaches the surface, therefore flows superficially
as stormwater runoff while has not been absorbed into the ground. The type of soils that are exposed in
the Thunderbird basin will take in water from light rainfall, however, heavy rainfall will create a large
volume of runoff (Jaco, 1971). The total runoff coefficient is the summation of the four factors that
affect C as shown in Table 2.6. According to TXDOT (2009), runoff coefficients listed in Table 2.6
apply to storms of two-year, five-year, and 10-year frequencies. Higher frequency storms require
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modifying the runoff coefficient because infiltration and other abstractions have a proportionally smaller
effect on runoff. Therefore, total runoff coefficient needs to be adjusted by a factor of Cf25 = 1.10,
Cf50=1.20, and Cf100=1.25 for 25-yr, 50-yr, and 100-yr storm events respectively. In any case the product
of C and Cf should exceed 1.0.
Authors studied several conditions of the basin and estimated that the Thunderbird basin runoff
coefficient for a 100-yr storm would range from 0.64 to 0.74. These values were calculated using runoff
coefficient component values from Table 2.6, where minimum values are colored in pale red and
maximum values are colored in light blue.

The minimum and maximum values for the runoff

coefficient relief component are the same as the basin slope of the basin is constant no matter the
circumstances. The maximum soil infiltration component is 0.15 as the soil mantle is fairly thin and in
many cases it is exposed rock. Additionally, the fact that strata is dipping westerly in the same direction
of slope, further eliminates the possibility of soaking in the water and will release stormwater instead as
runoff. We also considered the preexisting conditions in terms of amount of rainfall previous to the 100yr storm event of study, where soil will infiltrate more water when dry than when it is completely
soaked from previous events. Therefore, Ci100min is 0.11. The maximum runoff coefficient vegetal cover
component was estimated at 0.12 as vegetal cover is spare, however once the rainy season starts, grasses
and other plant coverage increases and covers more terrain estimating the runoff coefficient vegetation
cover component to be 0.08. Finally, the minimum and maximum surface components were estimated
to be 0.09 and 0.10 respectively. These values were estimated considering that waterways are small and
there are no marshes or permanent ponds in any part of the basin. The calculated minimum runoff
coefficient for a 100-yr storm (C100min) is 0.64, and the calculated maximum runoff coefficient for a 100yr storm (C100max) is 0.74.
2.5.2.2 Rainfall intensity
We generated an intensity-duration-frequency (IDF) curve using the NOAA online precipitation
frequency data server as shown in Figure 2.12. Similarly, Appendix B shows a detailed copy of the
extracted IDF curve generated from the NOAA website. This curve was obtained from a point located
in Santa Teresa, New Mexico, calculated from each simulation in WMS.
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We calculated rainfall

intensity values for a 100-yr storm at 103.6 mm/hr with Tc of 30 minutes calculated using the Kirpich
method for overland flow over bare earth for mountains. We also calculated the rainfall intensity for a
100-yr storm with Tc at 53 minutes using the ADOT method at 71.7 mm/hr.
2.5.2.3 Catchment Area
The estimated catchment area for the Thunderbird basin was 3.056 km2 (305.6 ha). This area
was calculated from the TXDOT DEM at 3-m resolution using the WMS Compute Basin Data tool.
2.5.2.4 Peak Discharge
We ran two main scenarios for various 100-year storm events with calculated runoff coefficient
as explained before. These two main scenarios were considering precipitation values as anticipated by
data recorded at the airport, while the other main scenario was considering the orographic enhancement
of rainfall at the location of our basin.
The scenarios considering rainfall precipitation at the airport provided a range of Qp values from
56.2 m3/s for a runoff coefficient of 0.64 to 64.9 m3/s for a runoff coefficient of 0.74 using Tc of 30
minutes. For Tc of 54 minutes the range for Qp was from 38.9 with a runoff coefficient of 0.64 to 44.9
m3/s for a runoff coefficient of 0.74. For both time of concentration, we can say that the lowest peak
discharge values can be considered for times when the basin is dry and the vegetation cover is at its
maximum stage. While the highest Qp value would be for times when the soil is humid if not wet from
previous storms and the vegetation cover is at is minimum level: conditions that most likely occur at the
beginning of the rainy season.
The scenarios presented below are considering the orographic enhancement of rainfall, where Qp
was calculated with intensity rainfall values from the 2006 flood as suggested by Gill and Novlan
(2007), where the orographic enhancement would increase rainfall precipitation by at least a factor of 2
(Gill et al., 2009). Also note that rainfall intensity as suggested by them would correspond to a return
period of greater than a 1,000 year storm or a duration of >2 days. Rainfall intensity for a 100-yr storm
and a time of concentration of 20 min correspond to 104 mm/hr. If we apply the factor of 2 suggested
by Gill and Novlan (2007) we got a rainfall intensity of 207 mm/hr (Table 2.7).

This rainfall

precipitation value greatly increases the peak discharge range from 112.4 to 129.9 m3/s. This range is
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dependent on the runoff coefficient that implies a different antecedent moisture condition of the basin.
Similarly, if we apply the orographic enhancement factor of 2.0, Qp will range from 77.8 to 129.9 m3/s
(Table 2.7) when the time of concentration is 54 min (Table 2.8). Note that for both cases in which we
apply the orographic enhancement of rainfall, the basin practically discharges double the volume of
stormwater runoff at the basin outlet than without applying the orographic enhancement, no matter what
other basin parameters are input.
2.5.3

Tabular Method
Authors ran the tabular method, also known as the Technical Release TR-55 hydrological model

developed by the NRCS (USDA, 1986). A composite curve number (CCN) was calculated using the El
Paso County soils survey (Jaco, 1971) and the USGS NLCD 2001 (Fry et al., 2009). The calculated
CCN for the entire Thunderbird basin was 72.3, where Appendix C shows a detailed report of this
calculation. The soil types map shown in Figure 2.15 depicts three soil types while Figure 2.19 shows
the six different land use types present in the basin. The computed CCN was generated in WMS using
CN values from McEnroe and Gonzalez-Quesada (2003) as shown in Table 2.9, and runoff coefficient C
values as shown in Table 2.6. Note that C values have been adjusted by a factor of 1.25 for a 100-year
storm. The TR-55 method needed the input of three rainfall type II coefficients (Table 2.10) depending
on the initial abstraction-precipitation ratio.
We ran the SCS TR-55 method simulation using rainfall values based on: a) precipitation data
recorded at the El Paso Airport; and b) precipitation values as recorded at Dr. Green elementary school
as suggested by Gill et al. (2007). The precipitation values we used according to airport data were: 57.4
mm (2.26 in) for Tc of 60 min, and 47 mm (1.9 in) for 30 min time of concentration, both for a return
frequency of 100-yr.

Table 2.11 shows the various combinations from these simulations, where other

parameters for these simulations were: catchment area of 3.056 km2; Type II precipitation distribution
(see Figure 2.8 for location areas in the US with Type II precipitation distribution), and the pond and
swamp area at 0.0 %. We utilized the method for the New Mexico unit peak discharge computation on
all simulations.

For results derived from the various simulations described below, we varied

precipitation depth between airport data and Dr. Green School. We also varied CCN values between
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72.3 and 82. In summary, the variation of these parameters delivered the results shown in Table 2.12.
We saw a broad range of Qp values from 2.52 m3/s to 33.24 m3/s mainly depending on the amount of
precipitation. Time of concentration Tc also is an important factor as it will influence the amount of
rainfall.

A detailed discussion about these variables is described in the Sensitivity Analysis and

Discussion sections below.
2.5.4

NSS Method
We calculated time of concentration (Tc) for the Thunderbird basin using four methods (Table

2.8). While the Kirpich method for overland flow on bare earth does not closely represents basin
characteristics of the Thunderbird basin, it provides a baseline or starting point for a lower limit for time
of concentration value. Tc using the Kirpich method was 21.8 minutes. Similarly, the Denver method,
as outlined by DRCOG (1975), estimates a Tc of 39.6 minutes. The Denver method considered an
impervious area ranging from 9% in the lower part of the basin to 48% in the upper part of the basin.
The extent percent of impervious area is similar to that in the Franklin Mountains with respect to the
amount of impervious land. The Arizona Department of Transportation (ADOT) has developed three
equations for calculating Tc depending on the type of watershed: desert/mountain, agricultural fields, or
urban. We used the ADOT desert/mountain formula (ADOT, 1993) estimating time of concentration at
40.8 minutes. Lastly, we used the method outlined by Kirpich (1940) for overland flow on bare earth
for mountainous terrain. This method is best applicable to the Thunderbird basin as it is an almost
undeveloped watershed with well-defined channels and almost bare earth overland flow. The estimated
Tc using this method was 91.4 minutes.
Once the various Tc values were calculated, we computed the peak discharge for the Thunderbird
arroyo using the NSS method with WMS. Computed peak discharge values for 2, 5, 10, 25, 50, 100,
and 500 years were 5.8, 11.1, 15.6, 21.3, 26.2, 32.2, and 46.1 m3/s, respectively. Table 2.11 shows the
WMS calculation output while running the NSS simulation.
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2.5.5

Sensitivity Analysis
After estimating several scenarios for peak discharge values for the Thunderbird basin, we

learned that rainfall intensity is the variable that has more impact on our results, either using the rational
or SCS methods.
According to the Rational method, rainfall intensity is the factor that has the greatest impact on
the value of peak discharge at the outlet of the basin. After rainfall intensity, which is an external factor
from the basin, runoff coefficient C is the next variable that has the most impact on peak discharge as
the basin area is constant throughout. Runoff coefficient C is composed of four components, and from
those four components, the one and only factor that has the most impact on peak discharge using the
Rational method is rainfall intensity as shown in the Tornado chart displayed in Figure 2.20. Then, the
second two factors that have more impact on Qp are the vegetal cover and soil infiltration runoff
coefficient components.

The least two factors are relief and surface components of the runoff

coefficient, which only account for less than 4-point variation in peak discharge.
The SCS method calculation for peak discharge provided a similar, but less noticeable difference
between the impact of rainfall and other factors. Figure 2.21 displays all factors that account for some
variation in peak discharge, rainfall depth being the one that impacted peak discharge the most. Rainfall
Type II Coefficient 0 C0, which is related to the type of precipitation and not to the characteristics of the
basin was the second factor that most impacted peak discharge. The next factor is time of concentration.
Here is where basin parameters, such slope, channel width, and other characteristics have some effect.
Nevertheless, this factor still not considers most of the basin parameters as the curve number does,
which has almost no impact on peak discharge according to the SCS method.
2.6

Discussion
In the following paragraphs we present key points from our results and their relationship and

applicability to other geographic areas around the Franklin Mountains. We believe that by discussing
the issues mentioned below, our study could have a positive impact on how stormwater infrastructure
should be built. Similarly, we can point out the importance of hydrologic modeling considering extreme
weather conditions.
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2.6.1

Basin Characteristics
Thunderbird basin has many similarities to the rest of other natural basins around the Franklin

Mountains State Park. Perhaps the only difference is the abrupt change in how runoff is managed to
drain from a broad arroyo into a concrete lined channel without the existence of at least a detention pond
to slower the velocity of flow. To mention a few similarities, most of the natural basins within the
Franklin Mountains have their headwaters at elevations close to 2,000 m amsl. They also have exposed
rock with very low permeability that would allow the accumulation of enormous amounts of surface
runoff. Additionally, the length of the basins is usually less than 5 km that creates a high topographic
relief increasing the potential energy for water to flow very rapidly.
In terms of soil type and land use/land cover it is clear that in some portions of the mountains the
rock is so exposed that works as a concrete surface. During the 2006 flood, at the Thunderbird basin,
many soils were eroded away and exposed even more of the rock to allow for an increase in the
streamflow velocity. Conversely, the proximity of urban development without a proper design to allow
for a transition or cushion zone, has lead to a mismanagement of the stormwater system in El Paso.
Urbanized areas need to allow for wider channels to prevent water from crossover the channels and
flood the area.
2.6.2

Rainfall Intensity
NSS regression equations did not take in consideration the amount of rainfall as an input

parameter as it is embedded in the set parameters, and most probably was based on data from the El
Paso airport. Therefore, Qp values will not be affected as much as with the Rational method or SCS
method that considers rainfall intensity as part of the equation. Moreover, the regression equation of this
method is based on a watershed that does not have the topographic relief as strong as the topographic
relief present at the Thunderbird basin. In other words, USGS station 08365800 is mostly urbanized
with a few natural-stage detention ponds and a mean basin elevation of 1,192 m amsl, while
Thunderbird basin has a mean basin elevation of 1,589 m amsl, and it is mostly in a natural state.
Therefore, the regression equations used by Asquith and Slade (1997) might not be as applicable to our
study area mainly due to precipitation values that most probably used airport data, but also because of
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the differences in physical basin parameters.

Perhaps, USGS station 08365600 at the outlet of

McKelligon Canyon at El Paso (31.82198 N, 106.47005 W) that measures streamflow could be a more
reliable source of information. The McKelligon canyon is a less developed basin and has more similar
basin characteristics than Thunderbird basin.

Appendix D show the streamflow measured at the

McKelligon Canyon station on September 11 and 12, 1958, which was 0.39 m3/s and 0.03 m3/s
respectively. In parallel, measured streamflow from July 14 through July 18, 1973 at the McKelligon
Canyon station is shown on Table 2.14.
Rainfall has shown that is an extremely important factor for simulating how much runoff can be
generated at any given basin. For basins that are located at higher elevations this is even more
important, as the orographic enhancement of rainfall can dramatically increase the amount of
precipitation at elevated areas and with it generate unprecedented volumes of water.
2.6.3

Time of Concentration
Time of concentration has shown to be an important variable as depending on that the

stormwater system could easily handle a large storm. By reducing the time of concentration by half of
the time, the peak discharge can be reduced in about 30 %. While this is not very easy or cheap thing to
achieve with engineering improvements, it is an option available to reduce the amount of discharge.
Moreover, this is something that engineers can improve upon it, while no one can change the amount of
rainfall received or the characteristics of the basin.
2.7

Conclusions
Our research hypothesis was that orographic enhancement of rainfall caused the stormwater

system at the Silver Springs Drive to fail. We concluded that the amount of rainfall received around the
Franklin Mountain was extreme and with no doubt surpassed any precipitation projections based on data
recorded at the El Paso International airport, which is the official site for the entire City of El Paso. Our
study showed that Qp at the Thunderbird basin outlet could reach between 112 to 130 m3/s in 30 min
considering the orographic enhancement of rainfall. This value is twice the amount of runoff not
considering the orographic effect, which varies between 56 and 65 m3/s. These ranges were estimated
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with various antecedent soil moisture conditions, were the lower limit is for dry soils and the high limit
for wet soils.
Since the 2006 El Paso flood, El Paso Water Utilities has been building and improving
stormwater infrastructure to prepare the City of El Paso for any future flood events of similar magnitude.
By learning from our study, it is evident that all studies including one or many basins around the
mountains should consider using precipitation values other than values from the El Paso Airport. As we
have mentioned throughout this paper, the amount of rainfall within the mountains is greater than the
amount of rainfall at the airport. Similarly, peak discharge calculations for the mountainous regions
should use precipitation data closer to these regions, and peak discharge calculations for other areas in
the city should use precipitation data that accurately reflects precipitation in those specific areas.
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Table 2.1: Runoff Coefficients for El Paso, Texas (City of El Paso, 2008).
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Table 2.2: Total Rainfall Depth by Duration for El Paso, Texas (City of El Paso, 2008).
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Table 2.3. Regression Equations for Estimating Peak Streamflow Frequency for Hydrologic Region 2 of
Texas (Asquith and Slade, 1997). [Yr, year; A, contributing drainage area in square miles;
SH, basin shape factor – ratio of length of longest mapped channel (stream length) squared
to contributing drainage area (dimensionless); SL, stream slope in feet per mile – ratio of
change in elevation of (1) longest mapped channel from site (or station) to headwaters to
(2) length of longest mapped channel]
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Table 2.4: Estimated Maximum Annual Recurrence Intervals for Precipitation (Based on Airport Data)
for Flood Events During the 2006 Monsoon for a West El Paso Rain Gauge and for El Paso
International Airport (Gill et al., 2009)
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Table 2.5. Basin parameters as extracted in WMS from the TXDOT-derived DEM.
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Table 2.6: Drainage Basin Factors That Affect Runoff Coefficient (TXDOT, 2009).
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Table 2.7: Rational Method Results for 100-Year Rainfall Intensity With Time of Concentration
Calculated Values Using Kirpich and ADOT Methods.
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Table 2.8: Times of Concentration
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Table 2.9: Curve Number Values for Specific Land Cover Types Present in the Thunderbird Basin
(McEnroe and Gonzalez, 2003).
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Table 2.10: Unit Peak Discharge Rainfall Type Coefficients for the SCS method (USDA, 1986).
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Table 2.11: National Streamflow Statistics (NSS) Simulation Results
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Table 2.12: TR-55 Method Results for 100-Year Storm, a Runoff Composite Curve Number of 72.34, a
Type II Rainfall Distribution, and a Drainage Area of 305.6 ha, With Time of
Concentration Values Calculated Using the Kirpich and ADOT Methods.
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Table 2.13: Runoff Coefficient Values.
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Table 2.14: Measured streamflow from July 14 through July 18, 1973 at the McKelligon Canyon station

Date

Measured Peak
Discharge in m3s

Jul 14th, 1973

0.71

Jul 15th, 1973

0.91

Jul 16th, 1973

0.007

th

Jul 17 , 1973

0.007

Jul 18th, 1973

0.004
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Figure 2.1: Location of the study area (red oval) within the Oxidation Dam System (area outlined in
gold) in Westside El Paso (Modified from EPWU, 2009).

44

Figure 2.2: Aerial photograph of the western Franklin Mountains, El Paso, Texas, showing the
Thunderbird basin boundary in orange and drainage network in blue.
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Figure 2.3: Extracted image from Moreno Cardenas Inc. from Westside Flood Damage Improvements
Report (MCI, 2007).

46

50	
  
45	
  

Precipitation	
  (centlimeters)	
  	
  

40	
  
35	
  
30	
  
25	
  
20	
  
15	
  
10	
  
5	
  
0	
  

Year	
  

Figure 2.4: Annual total precipitation (in cm) at El Paso International Airport (KEPZ) (Data Source:
NCDC, 2009).
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Figure 2.5: Daily precipitation (cm) at El Paso International Airport (KEPZ) during 2006 (Data Source:
NCDC, 2009).
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Figure 2.6: Measured precipitation for the Paso del Norte region for August 1, 2006.
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Figure 2.7: Precipitation Intensity-Duration Curves for the 100-Year storm for Selected Localities in
Texas (USGS, 1998).
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Figure 2.8: Map of the conterminous US showing the approximate geographic boundaries for the NRCS
(SCS) rainfall distributions (USDA, 1986).
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Figure 2.9: Location of USGS station id 08365800. Note that the station is located in an urban setting
(Ries and Gray, 2002).
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Figure 2.10: Texas hydrologic region boundary map (Asquith and Slade, 1997).
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Figure 2.11: Map of the conterminous US flood-region boundaries from Crippen and Bue (1977) and
used by the USGS National Streamflow Statistics Program (USGS, 2007).
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Figure 2.12: Precipitation intensity-duration curves for Santa Teresa, New Mexico (NOAA, 2010).
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Figure 2.13: Mean storm inter-event time defined by 6-hour minimum inter-event time in eastern New
Mexico, Oklahoma, and Texas (Asquith et al., 2006).
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Figure 2.14: Mean storm inter-event time defined by 24-hour minimum inter-event time in eastern New
Mexico, Oklahoma, and Texas (Asquith et al., 2006).
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Figure 2.15: Thunderbird basin soil map (Jaco, 1971).
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Figure 2.16: Major land types and soils associations and their relationships to the landscape (Jaco,
1971).
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Figure 2.17: Limestone Rock Land-Lozier Association landscape on the western Franklin Mountains.
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Figure 2.18: Landscape in the Igneous rock land-Brewster association. Photo looking east towards the
Coronado Thunderbird on the western Franklin Mountains Park.
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Figure 2.19: Thunderbird basin NLCD land use map.

62

I:	
  Intensity	
  rainfall	
  [mm/hr]	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

{71.73}	
  

{207.24}	
  

Cv:	
  Vegetal	
  Cover	
  Runoff	
  Coef:icient	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
{0.08}	
  

{0.12}	
  

Ci:	
  Soil	
  in:iltration	
  Runoff	
  Coef:icient	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
{0.11}	
  

{0.15}	
  

Cr:	
  Relief	
  Runoff	
  Coef:icient	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

{0.23}	
  

Cs:	
  Surface	
  Runoff	
  Coef:icient	
  	
  	
  	
  	
  	
  	
  	
  {0.095}	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

35	
  

45	
  

55	
  

65	
  

75	
  

{0.25}	
  

{0.10}	
  

85	
  

95	
  

105	
  

115	
  

125	
  

135	
  

Peak Discharge (m3/s)

Figure 2.20: Tornado diagram showing sensitivity of basin parameters to peak discharge according to
the Rational method.
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Figure 2.21: Tornado diagram showing the sensitivity of basin parameters to peak discharge according
to the SCS method.
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Chapter 3: Potential Flood Risk Increase in the Lower Elevations of Ciudad Juárez,
Mexico, Due to the Construction of the Camino Real Highway
3.1

Introduction
In August of 2006 the Paso del Norte region was hit by historically large numbers of

precipitation events (Gill and Novlan, 2007) These events caused the cities of El Paso, TX, and Ciudad
Juárez, Mexico to flood, resulting in over an estimated 140 million dollars of infrastructure damage for
El Paso and Juárez (Schwartz, 2006). Therefore, the authors were motivated to analyze the issue further,
and this paper presents the results of their study. The city of Juárez built the Camino Real highway, a
new, six-lane, paved road in the western part of the city (Figure 1). This new road intersects more than
fifty arroyos (IMIP, 2009) that have their headwaters in the Sierra de Juárez Mountains in the
undeveloped area west of Ciudad Juárez. These arroyos meander through the urban area until they reach
the Rio Grande. Our study suggests that the construction of this road has modified the natural course of
the drainage system, exacerbating the possibility of flooding at lower elevations in both Ciudad Juárez
and El Paso, a situation exacerbated by the lack of adequate stormwater infrastructure. Construction of
the road was partially completed in 2007.
Motivation to study this area arise because a) the area could fail during any extreme rainfall
event such as the one occurred during the summer monsoon season of 2006, b) the current stormwater
system has shown several deficiencies that question the proper functionality, and c) the precipitation
stations network is unreliable as it does not provide enough coverage to see precipitation variability
throughout the region.
The construction of the Camino Real highway in March of 2007 in the western part of Ciudad
Juárez, Mexico, could increase the potential flooding at lower elevations due to changes in the course of
preexisting natural drainage. Construction of the highway altered the natural drainage, thus redirecting
stormwater runoff to areas with greater paucity of stormwater infrastructure.
The 2006 flood event cast doubt on the capacity of the fluvial infrastructure of the El Paso
stormwater system to handle 50- or 100-year floods (Walton, 2009). For Juárez, this problem was
exacerbated when La Fronteriza dam (Figure 2) surpassed its capacity (PAHO-WH0, 2008) and was
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brought close to failure (FEMA, 2006). The La Fronteriza dam (Figure 3), was built of compacted
gravel, and during the 2006 flood, it lost 60 to 90 cm of its top through erosion on the downstream slope
when it was overtopped (Figure 4). This posed a great threat to the downstream inhabitants of the
western part of Ciudad Juárez and of Sunland Park, New Mexico (PAHO-COCEF-COLEF, 2009).
The purpose of this study is to determine if the construction of the Camino Real highway has
increased the chances of flooding at lower elevations in Juárez during future storm events. While
residents east of the new highway have verbally expressed their concern about this issue, authorities,
such as Civil Protection from the municipality had declared that the construction would in fact improve
the stormwater system of the far west side of Ciudad Juárez (Periodismo Electrónico, 2007). LiDAR
data presented on this paper leaves no question that the topography of the area has been altered
significantly and that natural arroyos have been modified during construction of the Camino Real
highway. Moreover, the retention wall at the La Fronteriza dam during summer of 2009, was removed
completely during summer of 2009, leaving many to fear that a torrential storm could affect them even
worst than during the 2006 storm (Carrasco - El Diaro, 2009).
The significance of this study is that Ciudad Juárez, as the fourth largest city in Mexico, lacks a
reliable stormwater drain system (El Universal, 2001) that could prevent flooding even from a small
rainfall event. Its proximity with communities in the US side or the border poses a threat not only to
residents in the Mexican side, but also to residents in both sides of the border. Additionally, the
numerous informal and perhaps irregular settlements along natural drains, a.k.a. arroyos invade the
arroyos drastically, thus becoming man-made structures within waterways. Residences along arroyos
are in great flood hazard among other environmental risks as described by (Collins et al., 2008).
3.2

Background
El Paso and Juárez has suffered flooding constantly in previous decades and centuries. The

Chamizal Settlement of 1963 between the two federal governments: Mexican and the United States.
Agreed to modify the course of the Rio Grande and convert the natural meandering river into a straight
concrete-lined channel.

Consequently, the Mexican Government implemented some additional

improvements to the city’s stormwater system, but not much work has been done since.
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3.2.1

Stormwater System
Ciudad Juárez built a series of dams (Figure 1) about 35 years ago between the eastern outskirts

of the Sierra Juárez and the urban area. Since then, development of stormwater infrastructure has not
kept pace with rapid urban growth. For example, the urbanized area has expanded into the Sierra Juárez
and into the arroyos that drain the high elevations into the Rio Grande. During the rainfall events of
2006, the insufficient stormwater infrastructure could not handle the amount of rain, causing extensive
flooding in the city with damage estimated in $45 million US dollars. The resulting damages motivated
local, state, and federal governments to invest in improvements to the current stormwater system.
3.2.2

Watershed Delineation
Advancements and price reductions in geographic information systems (GIS) and remote sensing

tools and datasets over the last 15 years have allowed many agencies, such as the Mexican Instituto
Municipal de Investigación y Planeación (IMIP) to continuously buy satellite and aerial photography
image products during the last ten to fifteen years. The latest acquisition was made in August 2008, and
it was a large LiDAR dataset that includes the Sierra Juárez and the urban area of Ciudad Juárez. With
this topographic dataset we were able to build a high-resolution (1 m/pixel) watershed boundary layer, a
vast improvement over the low-resolution (30 m/pixel) map that can be produced with the existing
topographic data. The watershed boundary map, a geospatial delimitation of the catchment area, was
generated using the methodologies outlined by the International Classification and Codification of
Watersheds and River Basins (Khan et al., 2001), which is the same classification used to produce the
Watershed Boundary Dataset. According to Khan et al. (2001), this watershed boundary layer is a
geospatial delimitation of the catchment area and was generated based on the methodologies used to
produce the Watershed Boundary Dataset outlined by a multidisciplinary committee composed of
federal agencies, such as Natural Resource Conservation Service (NRCS), United States Geological
Survey (USGS), The Environmental Protection Agency (EPA), etc. (USDA-NRCS, 2008) and the
methodology outlined by the International Classification and Codification of Watersheds and River
Basins (Khan et al., 2001). Table 1 shows the level of detail and number of digits needed to define a
specific watershed (Khan et al., 2001; SSWD, 2008).
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3.3

Location
The Arroyo de Las Víboras is an important tributary to the Rio Grande with headwaters in the

Sierra Juárez in Ciudad Juárez. Headwaters of the Arroyo de Las Víboras are at the western part of
Ciudad Juárez in the mountainous region of the city. Over two thirds of the Arroyo de Las Víboras
basin is on its natural stage, however, less than two thirds of the basin is within the urbanized area
although lacking a stormwater system. This basin drains to the northeast into the Rio Grande, which
runs in a northwesterly-southeasterly direction. Practically, all basins in the El Paso-Juárez area drain to
the Rio Grande, which also serves as the international boundary between The United States and Mexico.
3.3.1

Study Area
Figure 5 shows the location of the Arroyo de Las Víboras, which flows through the urban area of

Ciudad Juárez at lower elevations. Because of the extension of its drainage area the Arroyo de Las
Víboras was responsible for most of the flood damage in the northwestern part of the city during the
2006 monsoon season. Moreover, many of the settlements affected by the flooding caused by this
arroyo contain buildings that are not in compliance with federal rules and regulations for waterways.
3.4

Methodology
This study consisted on a flooding investigation including DEM generation along the Arroyo de

Las Víboras, pre- and post-construction of the Camino Real highway. We also delimited each basin and
its microwatersheds and generated several floodplain maps to better answer our research question of
knowing if the construction of the Camino Real highway increased the risk of flooding at lower
elevations in the urban area of Ciudad Juárez.
3.4.1

DEM Generation
DEM generation is a simple but computer intensive task that greatly depends on the spatial

resolution of the input data. The generation of a DEM consists on assigning an elevation value to a grid
or cell to represent the topographic elevation. In the case of using LiDAR cloud point data to create a
DEM, the spatial resolution is high that demands fast computer processing capability and large memory
capacity. Our study included the generation of two DEMs at different times: a pre-construction DEM of
the Camino Real highway and a post-construction DEM of the Camino Real highway.
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To generate the “pre-construction” DEM, we started with the 1:50,000 scale INEGI topography
vector shapefile (Barud-Zubillaga and Granados-Olivas, 2003). This dataset is a contour map with a 10m contour interval generated from survey points from the 1970s. We converted this contour map into a
10 m/pixel DEM using Global Mapper (version 11.01) software (www.globalmapper.com) with a 10 m
pixel:

We re-sampled the resulting DEM to 1 m pixel to seamlessly compare it to the “post-

construction” DEM explained below.
The post-construction DEM was generated using a combination a LiDAR-derived cloud point
data acquired by IMIP during the fall of 2008 (IMIP, 2008). The density of LiDAR cloud point data is
about 5 points per square meter. This LiDAR dataset comes in LAS format; an open binary format that
is supported by a wide variety of LiDAR hardware and software packages (ASPRS, 2008). The
resulting DEM was generated using Global Mapper and exported into a gridded DEM with a 2.73
m/pixel DEM. This resolution exceeds the recommended grid size for a 10,000-scale map (Hengl,
2006).
3.4.2

Watershed Delineation
According to the international classification and codification of watersheds and river basins

suggested by Khan et al. (2001), catchment areas between 1 and 10 km2 are designated as
microwatersheds as shown on Table 1. Therefore, we will refer to all catchment areas within the Arroyo
de Las Víboras as microwatersheds. Because we need to compare the floodplain areas before and after
the construction of the Camino Real highway, we had to delimit the boundaries of this arroyo by
applying the basin delineation process for each stage of the construction of the Camino Real highway
from the corresponding DEM.
The pre-construction microwatersheds were extracted from the pre-construction INEGI DEM.
The post-construction microwatersheds were extracted from the post-construction LiDAR DEM. The
microwatersheds were generated using RiverTools (version 3.0) software (www.rivertools.com),
following the steps shown in Figure 6. Below, we describe the process for delineating each micro
watershed pre- and post-construction. Figure 6 depicts a flow diagram of the steps followed to delineate
the floodplain delineation.
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1. For the Flow Grid Extraction step, we started by filling all depressions on the original DEM.
RT generates a revised copy of the DEM by flattening all depressions from the original DEM
2. We defined the Basin Outlet for each arroyo, and in all cases the basin outlet was located just
before reaching the main course of the Rio Grande to the Northeast of the study area.
3. The Grid Accumulation Extraction defines the area contributing to a specific point and assigns
values to each cell referring to the amount of accumulated grids up-river that are hydrologically linked
between each cell in the DEM.
4. For the Treefile Generation process, we generated a file required by RT to create a river
network.
5. The River Network utilized the Strahler Order Algorithm outlined by Strahler (1952). We
defined a pruning threshold of less than 6 as specified by Strahler (1952).
6. Once the river network was generated, we exported it to a shapefile format.
7. We generated a microwatershed mask, which defines the boundary of the microwatershed, and
8. We exported the microwatershed into a shapefile format.
3.4.3

Floodplain Delineation
Floodplains will not give an exact extension of flooding zones. However, in the areas of urban

planning, engineering design, and emergency response, decisions are normally based on floodplains
areas as good indicators of flood prone areas. Our study included the delineation of floodplain for the
Arroyo de Las Víboras before and after the construction of the Camino Real highway. In order to
identify any differences due to the construction of the Camino Real highway, we needed to calculate the
floodplain before and after the construction of the highway. We delineated the floodplain of the area
utilizing two software packages: the Aquaveo Watershed Modeling Systems (WMS) version 8.1
(www.aquaveo.com), and version 4.0.1 of the US Army Corps of Engineers Hydrologic Engineering
Centers River Analysis System (HEC-RAS) (http://www.hec.usace.army.mil/software/hec-ras/).
For floodplain delineation, the WMS software required a digital elevation model (DEM), a soil
type/land use map, and a hydrographic centerline GIS layer depicting the main course of the Arroyo de
Las Víboras. This floodplain delineation process was done for both the pre- and the post-construction
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DEMs. For the land-use/land-cover dataset, we used a soil type map and a land use map. The soil type
map was mainly used to characterize the undeveloped parts of the study area as shown in Figure 7. The
soil type map was jointly developed by the Mexican National Commission for the Knowledge and Use
of Biodiversity (CONABIO) and the Mexican National Institute of Forestry, Agricultural & Animal
Research (INIFAP) (INIFAP – CONABIO, 1995). The land-use map digital data was provided by the
IMIP (IMIP, 2001), and only covers the urbanized part of the study area (Figure 8). The hydrographic
layer was generated from the pre- and post-construction DEMs using RiverTools.
To delineate the floodplain for both DEMs we followed the steps listed below.
1.

We converted the raster DEM into a .tin file, which is required by WMS software to run

the various processes. It had to delete the previously loaded floating-point grid to release some memory
from the system and be able to run the process smoothly.
2.

Using the hydrographic layer previously extracted with RT, we created a one-dimension

hydrology centerline coverage in WMS. Additionally, we manually digitized the banks of the arroyo
assisted with aerial photography as background.
3.

Authors constructed a one-dimension hydrology cross-section coverage outlining the

location of each cross-section. The distance between each cross-section varied between 200 to 1,000
meters from each other. The length of each one-dimension hydrology cross-section needed to intersect
both banks and the centerline for WMS to work properly.
4.

The team generated a materials GIS layer based on a combination of Land Use and Soil

Type maps including ten different classes as shown in Table 2. The Manning’s roughness coefficient
(n) values proposed by Chow (1959) are shown on Table 3. Specifically for our study, we used n values
from various databases as displayed on Table 4. Note that Chow (1959) shows as the Manning´s
maximum value for mountain streams with no vegetation in channel, usually steep banks, and trees and
brush along banks with channel bottoms covered with cobbles and large boulders is 0.07 (Table 3).
Some segments within the Arroyo de Las Víboras contain several boulders (larger than 256 mm) along
their riverbeds, allowing for high values for roughness. Photograph shown in Figure 9 displays the
presence of numerous of these boulders.
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5.

In WMS, GIS layers, such as hydrology centerline and banks, cross sections, and type of

materials on each area were developed and exported as a WMS project. This WMS project was read
into HEC-RAS and ran a steady flow simulation. All, but microwatershed 8 flow rate values used are
shown on Table 4 as calculated by Esparza (2006) using the WinTR-55 software program. The range of
peak discharge values at the basin’s outlet for the Arroyo de Las Víboras basin was from 58.78 to
304.46 m3/s for return periods of 1 to 100 years respectively.
6.

To run the HEC-RAS steady simulation we assumed normal depth conditions with

calculated slope values ranging from 0.1629 through 0.3736 m/m. Once the steady simulation was run
within HEC-RAS, we read the solution back in WMS to define the water levels for the specific return
periods of 1, 2, 5, 10, 50, and 100-year floods.
7.

Back into WMS we read the HEC-RAS solution to finally delineate the floodplain

extension for each of the return periods between 1 and 100 yr floods. By reading this solution we
generated GIS layers for water level and flood depth for each specific return period. For each of these
solutions we generated a couple of GIS layers: one for flood depth and a second for water level
generating a series of floodplain maps for each microwatershed. The output was exported to show the
various floodplain extension areas for each return period.
3.5

Results
On this section authors present two generated floodplain maps for the study area, one represents

the flood plan risk prior to the construction of the Camino Real and a second one, represents the study
area after the construction of the Camino Real. Both maps show the spatial extent of the floodplain area
and are explained in detail bellow.
3.5.1

Pre-construction Stage
According to the INEGI DEM utilized for the extraction of topographic features explained on the

methodology section above. The total drainage area of the Arroyo de Las Víboras basin is 17.85 km2.
The basin was divided into 7 microwatersheds, each of them had drainage areas ranging from 1 to 5
km2. All microwatersheds are similar in size and in shape to those defined by Esparza et al., (2007) with
a few exceptions in the northeastern part of the basin, most probably due to the existence of roads and
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topography variations related to excavated areas used for aggregates materials. Figure 3.10a shows the
floodplain map generated in WMS using the 1:50,000, 10-m/pixel INEGI elevation data. The map
illustrates the coarse resolution of the original dataset and is reflected on a coarse floodplain map
reducing in size and even obscuring the location of flood prone areas. For example, some areas that
have been corroborated on the field to be flood prone during the rainy season are almost undetectable on
this map. The pre-construction floodplain map depicts flood prone areas as colored areas. For Figure
3.10b blue denotes areas that would accumulate deeper water (8.0+ m) while red shows areas that would
have the shallowest water depth (0.20 m or less) for a 100-yr flood event.
Most areas in blue in Figure 3.10a match to the location of flood prone areas in the field,
however, the extent and shape of these areas are not well represented to the actual topography of the
area. In some sections, flood prone areas are erroneously identified as a result of the limited resolution
of the INEGI DEM. In addition, while doing a more detailed analysis of the study area at a more
localized scale, the depth of water along the natural arroyos – and along streets functioning as concretelined channels – are difficult to locate on. This occurs as the wide extension of the floodplain is grouped
into an almost uniform flat surface practically averaging any existent vertical relief created by the
channel and the floodplain.
3.5.2

Post-construction Stage
The post-construction floodplain map built using the LiDAR dataset provided a high definition

thanks to the high density of data points. We could have generated a DEM at very fine scale with spatial
resolution of 1 m or even less, without compromising accuracy.

Figure 3.10b shows the post-

construction floodplain map for the Arroyo de Las Víboras. It is important to note that the total basin
area of 23.7 km2 in this map is larger by 6.4 km2 from that in the pre-construction map. This difference
resides mainly due to absence of the 6.4-km2 microwatershed 8 in the pre-construction DEM that was
mapped in the post-construction DEM. The high-resolution LiDAR cloud point data on the postconstruction DEM was able to pick a 10 m wide by 450 m long trench that runs parallel to the Camino
Real highway (See Figure 3.11). This trench (Figure 3.11) serves as a conduit to transport runoff from
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the upper part of the Sierra Juárez from a large culvert under the Camino Real highway and channelized
along the Ampliación Fronteriza neighborhood to ultimately reach the La Fronteriza dam.
The color coding for map in Figure 3.10b is the same color coding as the floodplain map for the
pre-construction stage in Figure 3.11a: red for shallow water depth (0.20 m or less) and blue for deeper
waters (8.0+ m). The post-construction floodplain map for the Arroyo de Las Víboras basin (Figure
3.10b) best mimics the shape of the floodplain contouring the bounding hills of each microwatershed
and topographic relief. The intermingling topography and development is evident in the middle sections
of the arroyo, were infrastructure also mimics topography. In a general sense, areas that are expected to
flood more deeply are mostly located immediately bellow the Camino Real highway towards the urban
area. These areas are located at elevations ranging from 1,220 to 1,250 m amsl. Most sections along the
various reaches of the arroyo, and within the urban area, expected to flood with water depths between
1.0 and 5.5 m (Figure 3.10b). Additionally, the three main detention dams in the Arroyo de Las Víboras
basin are very well identified from the floodplain map, and the hydrologic model that we generated
seemed to predict well the various throughout the areas of study. In summary, the consistency of the
location of deeper waters, shape of floodplain areas, physical topography and the hydrological model
output provides a robust and reliable result.
3.6

Discussion
It is evident that the high-resolution of LiDAR data has helped revealed new information

regarding the characterization of our study area, mainly the addition of a 6.4-km2 microwatershed to the
Arroyo de Las Víboras basin. This is due to the coarse resolution of the INEGI DEM, which was not
able to resolve for a 10-m. wide man-made trench. The floodplain map generated using the old INEGI
DEM precluded the catchment area bounded by this trench to be included as part of the Arroyo de Las
Víboras basin. The exclusion of more than six square kilometers to the basin would prevent any
hydrological study to fail the estimation or quantification of the size of a stormwater system. Therefore,
the identification of this discrepancy is critical to make a correct calculation of the peak flow discharge
at the basin outlet and an appropriate floodplain study that includes all sub-basins. The fact that the
outlet for the Arroyo de Las Víboras basin reaches the Rio Grande and the lack of topographic highs
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along the course of the arroyo, allows for stormwater runoff to flow continuously without excessive
accumulation. This condition prevents the Arroyo de Las Víboras basin to easily flood the headwaters
of the arroyo and could be misinterpreted as if the basin does not represent a high flood risk.
Conversely, when the Rio Grande is at is maximum capacity as it was the case during the major flood
during 2006, tributaries feeding into the Rio Grande pose a great flood risk as the water level at the river
acts as an already higher elevation feature.
We planned a comparison between the pre- and post-construction DEMs to understand the
potential change in flood risk due to the construction of the Camino Real highway. Our study showed
that the flood risk did not increased due to the construction of the Camino Real highway. Moreover, the
LiDAR DEM greatly reduced the uncertainty existing with the INEGI DEM.
3.7

Conclusions
We determined that the construction of the Camino Real highway did not increase the chances of

potential flooding at lower elevations. On the contrary, the drainage infrastructure built along the new
highway might serve to better control or dissipate flooding. Similarly, additional new stormwater
infrastructure, such as detention dams, could help mitigate the potential flooding at lower elevations
closer to the Rio Grande. Nevertheless, we recommend to direct new policies and regulations at the
three levels of government – local, state and federal – to limit development of new and existing urban
areas only at areas of no or low potential for flooding. In order to maintain these areas as buffer zones
for a potential future flooding event these areas could be designated as stormwater management,
ecological or conservation easement. LiDAR data greatly improved the existing hydrological model of
the Arroyo de Las Víboras, such as the addition of 6.4 km2 that were not included on the previous
hydrological model leading to a potential miscalculation and sizing of stormwater infrastructure. The
constant gradient and orientation of roads mimicking the old natural course of the Arroyo de Las
Víboras, allows for unobstructed drainage through the Rio Grande minimizing ponding.
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Table 3.1: Example of Heading 7,h7 format.
Name

Level

Area (km2)

Number of digits

* Region

1st

date Avg. 500,000

2

* Subregion

2nd

Avg. 50,000

4

* Basin

3rd

Avg. 25,000

6

* Sub-basin

4th

1,000 - 1,800

8

* Watershed

5th

160 – 1,000

10

* Subwatershed

6th

40 – 160

12

** Mesowatershed

7th

4 – 40

14

** Microwatershed

8th

1-10

16
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Table 3.2: Land Use/Soil Type for the Juárez area.
Symbol

Land condition

Land Use/Soil Type

Data Source

R

Developed land

Reserve

IMIP

H

Residential

IMIP

C

Commercial

IMIP

SE

Service & Equipment

IMIP

Pi

Infiltration pond

IMIP

Xerosol Háplico

CONABIO/INIFAP

Rc

Regosol Calcárico

CONABIO/INIFAP

L

Litosol

CONABIO/INIFAP

So

Solonchak Órtico

CONABIO/INIFAP

Vc

Vertisol Crómico

CONABIO/INIFAP

Xh

Undeveloped land
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Table 3.3: Manning's n values for channels (Chow, 1959).
Type of Channel and Description
Minimum
Normal
Maximum
Natural streams - minor streams (top width at floodstage < 100 ft)
1. Main Channels
a. clean, straight, full stage, no rifts or deep pools
0.025
0.030
0.033
b. same as above, but more stones and weeds
0.030
0.035
0.040
c. clean, winding, some pools and shoals
0.033
0.040
0.045
d. same as above, but some weeds and stones
0.035
0.045
0.050
e. same as above, lower stages, more ineffective
0.040
0.048
0.055
slopes
sections
f.
sameand
as "d"
with more stones
0.045
0.050
0.060
g. sluggish reaches, weedy, deep pools
0.050
0.070
0.080
h. very weedy reaches, deep pools, or floodways
0.075
0.100
0.150
heavy stand
of timber
and underbrush
2.with
Mountain
streams,
no vegetation
in channel, banks usually steep, trees and brush along banks
submerged
at high cobbles,
stages and few boulders
a. bottom: gravels,
0.030
0.040
0.050
b. bottom: cobbles with large boulders
0.040
0.050
0.070
3. Floodplains
a. Pasture, no brush
1.short grass
0.025
0.030
0.035
2. high grass
0.030
0.035
0.050
b. Cultivated areas
1. no crop
0.020
0.030
0.040
2. mature row crops
0.025
0.035
0.045
3. mature field crops
0.030
0.040
0.050
c. Brush
1. scattered brush, heavy weeds
0.035
0.050
0.070
2. light brush and trees, in winter
0.035
0.050
0.060
3. light brush and trees, in summer
0.040
0.060
0.080
4. medium to dense brush, in winter
0.045
0.070
0.110
5. medium to dense brush, in summer
0.070
0.100
0.160
d. Trees
1. dense willows, summer, straight
0.110
0.150
0.200
2. cleared land with tree stumps, no sprouts
0.030
0.040
0.050
3. same as above, but with heavy growth of sprouts
0.050
0.060
0.080
4. heavy stand of timber, a few down trees, little
0.080
0.100
0.120
undergrowth,
flood
stage
below
branches
5. same as 4. with flood stage reaching branches
0.100
0.120
0.160
4. Excavated or Dredged Channels
a. Earth, straight, and uniform
1. clean, recently completed
0.016
0.018
0.020
2. clean, after weathering
0.018
0.022
0.025
3. gravel, uniform section, clean
0.022
0.025
0.030
4. with short grass, few weeds
0.022
0.027
0.033
b. Earth winding and sluggish
1. no vegetation
0.023
0.025
0.030
2. grass, some weeds
0.025
0.030
0.033
3. dense weeds or aquatic plants in deep channels
0.030
0.035
0.040
0.028
0.030
0.035
4. stony
earth bottom
5.
bottom and
and rubble
weedy sides
banks
0.025
0.035
0.040
6. cobble bottom and clean sides
0.030
0.040
0.050
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c. Dragline-excavated or dredged
1. no vegetation
2. light brush on banks
d. Rock cuts
1. smooth and uniform
2. jagged and irregular
e. Channels not maintained, weeds and brush uncut
1. dense weeds, high as flow depth
2. clean bottom, brush on sides
3. same as above, highest stage of flow
4. dense brush, high stage
5. Lined or Constructed Channels
a. Cement
1. neat surface
2. mortar
b. Wood
1. planed, untreated
2. planed, creosoted
3. unplanned
4. plank with battens
5. lined with roofing paper
c. Concrete
1. trowel finish
2. float finish
3. finished, with gravel on bottom
4. unfinished
5. gunite, good section
6. gunite, wavy section
7. on good excavated rock
8. on irregular excavated rock
d. Concrete bottom float finish with sides of:
1. dressed stone in mortar
2. random stone in mortar
3. cement rubble masonry, plastered
4. cement rubble masonry
5. dry rubble or riprap
e. Gravel bottom with sides of:
1. formed concrete
2. random stone mortar
3. dry rubble or riprap
f. Brick
1. glazed
2. in cement mortar
g. Masonry
1. cemented rubble
2. dry rubble
h. Dressed ashlar/stone paving
i. Asphalt
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0.025
0.035

0.028
0.050

0.033
0.060

0.025
0.035

0.035
0.040

0.040
0.050

0.050
0.040
0.045
0.080

0.080
0.050
0.070
0.100

0.120
0.080
0.110
0.140

0.010
0.011

0.011
0.013

0.013
0.015

0.010
0.011
0.011
0.012
0.010

0.012
0.012
0.013
0.015
0.014

0.014
0.015
0.015
0.018
0.017

0.011
0.013
0.015
0.014
0.016
0.018
0.017
0.022

0.013
0.015
0.017
0.017
0.019
0.022
0.020
0.027

0.015
0.016
0.020
0.020
0.023
0.025

0.015
0.017
0.016
0.020
0.020

0.017
0.020
0.020
0.025
0.030

0.020
0.024
0.024
0.030
0.035

0.017
0.020
0.023

0.020
0.023
0.033

0.025
0.026
0.036

0.011
0.012

0.013
0.015

0.015
0.018

0.017
0.023
0.013

0.025
0.032
0.015

0.030
0.035
0.017

1. smooth
2. rough
j. Vegetal lining

0.013
0.016
0.030
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0.013
0.016
0.500

Table 3.4: Various hydrological parameters including Manning’s n value. Sources: a) Cowan (1956),
b) Chow (1959), c) Engman (1986), d) estimated by authors.
Mesowatershed

Area

Slope

Length

Manning’s Roughness

Name

Coefficient
(km2)

(m/m)

(m)

n

Source

Viboras SB1

0.99

0.1629

1,728

0.016

b

Viboras SB2

1.19

0.1646

2,125

0.017

b

Viboras SB3

3.05

0.1409

3,840

0.017

b

Viboras SB4

2.64

0.1868

4,058

0.170

d

Viboras SB5

1.31

0.2034

2,100

0.180

a

Viboras SB6

4.46

0.3057

5,616

0.180

a

Viboras SB7

2.06

0.2771

2,518

0.200

c

Viboras SB8

6.40

0.3736

6,517

0.190

d
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Table 3.5: Flow rates in m3/s and amount of rainfall for 1, 50 and 100 yr floods are 52, 140 and 160 mm
respectively. Source: Esparza et al., 2007.
Microwatershed

1-yr

2-yr

5-yr

10-yr

50-yr

100-yr

Viboras SB1

7.70

10.34

12.78

16.12

27.18

31.58

Viboras SB2

6.86

9.62

12.31

15.98

28.46

33.48

Viboras SB3

12.67

17.39

21.80

27.86

48.05

56.14

Viboras SB4

8.34

12.27

16.05

21.40

39.99
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Figure 3.1: Map of the study area showing the drainage, flood zones, and locations of water retention
dikes.
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Figure 3.2: Aerial photography of portion of the Arroyo de Las Víboras showing the Puerto del Águila
dam further to the north, Puerto de La Paz dam about in the center of the picture, and La
Fronteriza dam in the South, Ciudad Juárez, Chihuahua, México.
Source: (http://www.bing.com, 2010).
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Figure 3.3: View of the La Caballeriza dam taken on August 27, 2006 by A. Barud.
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Figure 3.4: View of the La Fronteriza dam from the top and looking in the dam downstream direction at
the eroded wall. Photo taken by A. Barud on August 27, 2006.
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Figure 3.5: Map showing the location of the Arroyo de Las Víboras in Ciudad Juárez, Mexico in relation
with the El Paso Upper Valley and Thunderbird basins in El Paso, Texas in the United
States.
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Figure 3.6: Flow Diagram showing steps for delineating a watershed in RiverTools.
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Figure 3.7: Soil classification map within the Arroyo de Las Víboras Basin.
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Figure 3.8: Land use map within the Arroyo de Las Víboras basin.
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Figure 3.9: Photograph showing boulders along a typical arroyo in an upper reach of the Sierra Juárez.
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Figure 3.10: Floodplain maps for the Arroyo de Las Víboras: a) INEGI - pre-construction (1981), and b)
IMIP - post-construction (2008). The Camino Real highway, built in 2007 is shown in
yellow on the INEGI map and in gray on the IMIP map. Both maps show color-coded
water depth, ranging from 0.2 m in red to 8.0 m and deeper in blue. The gray polygons
depict the microwatershed boundaries.
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Figure 3.11: Photograph of a 10 m wide by 450 m long trench that accounts for an additional 6.4 km2
microwatershed that drains into the Arroyo de Las Víboras basin.
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Chapter 4: Flooding Attributed to Recent Urban Development In The Upper Valley
of The Rio Grande, El Paso, Texas
4.1

Introduction
Recent urban development in the El Paso Upper Valley is spreading into previous agricultural

fields modifying the geomorphology of natural drains. Specifically, in our study area urbanization has
flourished in the last 10 to 20 years. Drain alteration in most cases has decreased their width and has
flattened their slope banks. Additionally, concrete lined canals and other manmade structures, such as
rock-walls had replaced the floodplains of existing arroyos. In many cases, recently developed land has
being designed to self-contain stormwater runoff through the construction of on-site ponds. Some
scientists believed that modifications to these natural lands have contributed to recent flooding in areas
that never experienced flooding before development. We utilized satellite imagery and GIS tools to
analyze if flooding occurs due to urban development or to the amount of precipitation received. Our
area of study is located in a transition zone between a developed urban area, and an agricultural
undeveloped land in the El Paso Upper Valley (Figure 4.1). The study area is delimited to the west by
the Rio Grande, to the east by the interstate highway I-10, to the north by Artcraft Rd. and to the south
by Country Club Rd. Figure 4.2 shows our study area bounded by the red polygon.
The significance of this research is that the Upper Valley is being developed at a faster rate than
10 or 20 years ago. If this growth rate continues, high-permeable agricultural land will be replaced with
low-permeable urbanized surfaces in the very near future. Therefore flooding will be exacerbated as the
overall permeable land is diminished, particularly if drains or any other stormwater structures are not
built properly to transport or collect the correct amount of stormwater runoff. The existence of GIS
thematic layers and availability of satellite imagery for our area of interest allows for studying flood
issues without spending too much resources and delivering reliable results.
4.2

Background

4.2.1

Stormwater System
The El Paso Stormwater Master Plan focused on evaluation of the major drainage structures

located throughout the City (EPWU, 2009). However, there are numerous places in El Paso that
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experience localized flooding (Figure 4.3), many of them in the general area of the upper valley in El
Paso, Texas that are not associated with a major drainage structure. Localized flooding in the areas
shown in Figure 4.3 are often the result of clogged drains, drainage ditch overflows, lack of curb and
gutter infrastructure, undersized conduits, and insufficient slope/grade, along with other factors. These
locations have been identified and documented by the EPWU through storm reports and records of
public calls to areas experiencing nuisance flooding. EPWU has identified over 200 locations subjected
to this localized flooding. Most of the areas with localized flooding frequently occur along the Rio
Grande between Mesa Street and Artcraft. According to the City of El Paso Design Manual (2008), the
minimum design storm for public ponds must be the 100-year storm. The pond must empty within 72
hours, either by infiltration or by means of an outlet. If the entire 24-hour storm volume cannot be
infiltrated in 72 hours, the duration of the design storm shall be increased to exceed the duration of the
total infiltration of the design volume. Visual observations in the area by the authors suggest that most
of these ponds do not empty within the 72 hours period, and might not be designed for longer storm
duration.
4.2.2

Historical measured precipitation
The Santa Teresa Weather Station collects and store final and certified climate data that can be

accessed at the National Climatic Data Center (NCDC) of the National Oceanic and Atmospheric
Administration (NOAA) website at http://www.ncdc.noaa.gov. We downloaded historical annual total
precipitation for the El Paso area averaging annual precipitation between 1878 and 2009 at 223 mm,
showing a maximum precipitation of 465 mm in 1884 and a minimum of 56 mm in 1891 (Figure 4.4).
For 2006, the amount of precipitation received in El Paso Texas at the KEPZ station located in the El
Paso International Airport, was 175 mm (NCDC, 2009; Figure 4.4).

This is the fourth largest

precipitation recorded in the area for the last 120 years. Conversely, unofficial precipitation stations
distributed throughout the city of El Paso, recorded up to 204.5 mm (8.05 in) on a single day during the
August 1st, 2006 storm event. This is almost as much precipitation in a single day than the entire year’s
precipitation during an average year. The precipitation map for August 1, 2006 (Figure 4.5) shows
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recorded data using 112 precipitation stations compiled from five different precipitation data networks
mostly available online.
4.2.3

Intensity-Duration-Frequency curves
Intensity-Duration-Frequency (IDF) curves are arcs that show the relationship between rainfall

or precipitation intensity and duration for different levels of frequency. Each curve represents the
rainfall intensity-duration, which will be equaled or exceeded once in a certain number of years or
period of return, indicated as the frequency of that curve. There are certain rules to generate IDF curves
in the US, but the main factor affecting these rules, is the location of the area of interest within the US.
El Paso, Texas, is ruled by two documents: the NOAA Technical Memorandum NWS Hydro 35
(NOAA, 1977), and the NOAA Technical Paper 49 (Miller, 1964). These two documents set the
guidelines for creating the IDF curves for El Paso among all localities in Texas. However, West Texas
and East Texas have very different rainfall patterns, and even more different topography that could
greatly impact rainfall due to the presence of mountains close by (Kunz and Kottmeier, 2006). The need
for a small-scale customized IDF curve for El Paso that takes into account topography variation could
improve hydrologic models for the region that at this time are very coarse and simplistic for the entire
geographic area.
4.2.4

Satellite Imagery
Use of satellite imagery to identify land use and land cover has been a useful technique for

decades. In our study we used this technique to identify and correlate existing land cover areas with
potentially flooded areas. Our study included a supervised classification analysis using ASTER satellite
imagery. Satellite imagery sensors vary depending on the application. Spectral reflectance measured by
the satellite’s sensor indicates specific properties of a material at the surface. Furthermore, remote
sensing has successfully identified surface features for more than 30 years, including water bodies,
surface geology, land cover, among other surface characteristics (Gao, 1996). Indices such as the
normalized difference vegetation index (NDVI) and the normalized difference water index (NDWI)
have been used with multispectral image datasets from Landsat and Moderate-resolution Imaging
Spectroradiometer (MODIS) (Gao, 1996; Wataru, 2004; Westra and De Wulf, 2007). These authors
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have detected moisture in soils and plants. Moreover, studies regarding the optical constants of water
have shown that light absorption of pure, particle-free water ranges from 0.03 to 0.06 µm (Gamo, 1961;
Hale and Querry, 1973; Palmer and Williams, 1974). The location of these spectral bands on a satellite
sensor allows an easy identification of water such as the ASTER and Landsat sensors.
Because of spectral reflectance characteristics of water (Figure 4.6) and the locations of Landsat7’s band 3 NIR (0.78–0.86 mm) and ASTER’s band 4 SWIR (1.60 – 1.70 mm), surface water can be
easily detected. At these wavelengths, surface water is usually appearing very dark when displayed in
color-composite images, meaning that spectral reflectance at these wavelengths is close to zero in the
visible spectrum: red, green and blue (RGB) bands. If there is suspended sediment present in the upper
layers of the water body, then this results in higher reflectance and a brighter appearance of the water.
Landsat has been used successfully and extensively to map water bodies (Frazier and Page, 2000;
McFeeters, 1996; Wang et al., 2002). Identifying surface water is an easy task with simple display of
the inclusion of the NIR range of the electromagnetic spectrum, which corresponds to band 3 and 4 for
ASTER and Landsat respectively. A few indices have become useful maximizing the low reflectance
signature of water as shown in Figure 4.6. The Normalized Difference Infrared Index (NDII) focuses on
the short wave infrared absorption of water (Hardisky et al., 1983). Gao (1996) modified the NDII by
taking advantage of absorption of water of the near infrared and called his algorithm the NDWI, which
was also used by McFeeters (1996). In 2006, Xu enhanced the NDWI to be used for open water features
like in coastal settings (Xu, 2008). In addition to the NDWI, there are other similar indices such as the
water index (WI); and land surface water index (LSWI).
4.3

Location
The area of study lies within the Upper Valley of El Paso, Texas, in an area bounded by the Rio

Grande to the West, Artcraft Rd. to the North, the Interstate Highway I-10 to the East, and Country
Club Rd. to the South. Figure 4.2 depicts the study area with the red polygon. The topographic relief
varies from about 1,140 m amsl to 1,189 m amsl. The higher elevation of the area bounds the eastern
most edge of the study area following the I-10 highway, while the lower elevations are seeing at the
riverbed of the Rio Grande to the west of the study area. In addition to the wider channel from the Rio
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Grande, there are several narrower irrigation channels running in a north-south direction that meet the
Rio Grande or the Franklin Canal further south. The Franklin Canal delivers irrigation water to the
Irrigation District 1 in the Lower Valley of El Paso, crossing through the City of El Paso and running
almost parallel to the Rio Grande. We selected this area due to its recent shift in land use – within the
last 15 years – from agricultural or undeveloped land use to residential or commercial/industrial use.
This rapid growth has caused an increment in flooding possibly due to urbanization.
4.4

Methodology
The study progressed in 4 steps: a) identification of land use/land cover from an ASTER

supervised classification satellite image; b) generation of a digital elevation model (DEM); c) generation
of a watershed boundary layer; and d) delineation of floodplain areas for regions of concern. These
steps are explained in detail below addressing the possibility of urbanization to increase flooding.
4.4.1

Land Use/Land Cover Depicted From ASTER Supervised Classification
As part of our study we generated a supervised classification image depicting the land use/land

cover from an ASTER satellite image acquired on May 11, 2009. This satellite image was obtained
from the NASA web-based client Warehouse Inventory Search Tool (WIST) available at
(http://wist.echo.nasa.gov). The ASTER image used was a level 2 surface reflectance data, which
included atmospherically corrected data for both the Visible Near-Infrared (VNIR) and Shortwave
Infrared (SWIR) sensors. Additionally, these images have been crosstalk corrected by NASA, due to an
anomalous saturation of values and anomalous striping (Tonooka and Iwasaki, 2003; Iwasaki and
Tonooka, 2005; NASA 2008). We utilized files in Hierarchical Data Format (HDF) and were processed
with ENVI software, version 4.6.1. Once all bands (3 bands in the VNIR and 6 bands in the SWIR)
were stacked, we generated a color composite ASTER image displayed in Red: Band 3, Green: Band 2,
and Blue: Band 1 (Figure 4.7). We manually digitized 13 subsets of samples, called Regions of Interest
(ROI) within the image to indentify the various land use/land cover classes. The spectral reflectance
signature for the mapped ROIs, which correspond to each land use/land cover class, is shown on Figure
4.8. Having the ROIs mapped we finally applied a supervised classification process utilizing the
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maximum likelihood method to generate a land use/land cover map. We used a threshold probability
value of 0.85 for all classes to generate the map.
4.4.2

Digital Elevation Model Generation
The WMS software used for hydrologic modeling in this study requires a digital elevation model

(DEM) to define basin topographic and hydrographic parameters. For this study, we used the Texas
Department of Transportation (TXDOT) elevation dataset acquired by SAM, Inc. in October 2003.
SAM, Inc. flew digital orthophotography for all of El Paso County, excluding Fort Bliss with a
resolution of 0.15 m (0.5 ft) and a scale of 1:750. In addition to the aerial photography SAM, Inc.
provided an elevation dataset where 90% of the elevation points derived from their model are within
7.61 cm of the actual elevation. This dataset was provided with a native projection of the Texas
Coordinate System of 1983 [NAD83] Central Zone [4203] in feet. A DEM was generated using the 3d
vector data provided by TXDOT in a .dgn file format. We opened several of these tiled .dgn files in
Global Mapper (GM) version 11.0 software (http://globalmapper.com/) to cover the entire study area.
Once loaded into GM, we converted the .dgn files into a triangulated elevation grid with a pixel size of
0.91 m (3 ft). The generated TXDOT elevation grid was then exported into a USGS National Elevation
Dataset (NED) grid float format with a 3-m resolution digital elevation model.
4.4.3

Watershed Boundary Layer Delineation
We used the WMS Hydrologic Modeling Wizard to delineate the watershed boundaries within

our study area. Once we generated the DEM from the TXDOT dataset as explained above, we loaded it
into WMS. We ran the Topographic Parameterization Program (TOPAZ; Martz and Garbrecht, 1992)
within the wizard to compute flow directions and flow accumulations. The flow direction process
consists in creating a raster file of flow direction from each cell to its steepest downslope neighbor cell
represented by 8 possible directional arrows. Flow accumulation is a raster of accumulated flow to each
cell, as determined by accumulating the weight for all cells that flow into each downslope cell. Once the
flow directions and flow accumulations were computed with TOPAZ, the wizard displays these raster
files and the user is able to visualize and locate the desired location of the basin outlet. Because our
study area contains many small basins, we had to locate many basin outlets accordingly. This process is
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done manually and the user needs to understand the hydrology of the area to select the correct location
of a basin outlet. Most of the sub-basins on the eastern part of the study area have their outlets when
reaching Doniphan St. As these street blocks many of the drains flowing in a westerly direction towards
lower elevations. After selecting all sub-basin outlets, we delineated their boundaries using the WMS
tool. Each sub-basin boundary is defined by the catchment area above the located basin outlet and
represents the total area contributing hydrologically to a specific outlet. Figure 4.9 shows the study area
and all delineated sub-basins.
4.4.4

Floodplain Map Generation
For urban planning, engineering design, and emergency response purposes, financial and

evacuation decisions are usually based on the assumption that floodplain maps are reliable indicators of
areas that are actually flood prone. In reality, the accuracy of floodplain maps is a limitation and can
lead to erroneous decisions (Morss, 2010). We delineated the floodplain of the area utilizing two
software

packages:

the

Aquaveo

Watershed

Modeling

Systems

(WMS)

version

8.1

(http://www.aquaveo.com/wms), and the US Army Corps of Engineers (USACE), Hydrologic
Engineering

Centers

River

Analysis

System

(HEC-RAS),

version

4.0.1

(http://www.hec.usace.army.mil/software/hec-ras). WMS was used as the main graphic user interface to
generate the hydrologic network, defining the riverbanks, and generating the water level and water depth
maps. HEC-RAS was used to compute steady flow water surface profiles that are computations based
on the solution of the one-dimensional energy equation. This solution considers energy losses by
friction through the Manning’s equation and changes in velocity head. The velocity head is normally
expressed in terms of the static pressure required to produce that velocity.
For floodplain delineation, WMS requires a digital elevation model (DEM) to provide elevation
data; a land use/land cover map to determine roughness coefficients of surfaces; and, a hydrologic
network and cross-sections crosscutting the main waterways to determine the topographic relief of banks
and waterways centerline for each segment or reach. For the DEM we used the generated DEM derived
from TXDOT data explained on the previous section above. For the land use map, we used the one
generated by the City of El Paso and available through the PdNMAPA website (PdNMAPA, 2010;
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Figure 4.10). The hydrography layer was generated with WMS. Having all these GIS datasets loaded
into WMS, we converted the DEM into a triangulated irregular network (TIN) file. We then extracted
elevations into the cross-sections as well as intersection points of the waterway centerline and banks.
We exported the WMS project to a GIS file to be opened in HEC-RAS. Once in HEC-RAS, we created
a steady flow solution for 1, 10, 100, 500 and 1000-yr storm. The HEC-RAS software calculated the
water levels for each cross-section generated in WMS according to the storm. Finally, we read the
HEC-RAS solution back into WMS and spread-out water elevation values to generate a floodplain map
explained on the Results section below.
4.5

Results

4.5.1

Supervised Classification
Land use/land cover characteristics in hydrology are important to determine how quick

stormwater runoff will flow and how much of the runoff will actually percolate down into the
subsurface. We processed an ASTER satellite image acquired on May 11, 2009 to determine land
use/land cover for our area of study, to learn how much area has been developed and which still
undeveloped. The process we applied to generate such classification is defined on the methods section
above and the resulting land use/land cover classification map is shown in Figure 4.8. Note that we
identified 14 different classes describing the various types of covers in the area. These classes are
explained as follows.
4.5.1.1 Undeveloped Land: Exposed rock
This class includes very small portions of exposed rock mainly situated along the banks of the
arroyos. In some cases the surface is covered with broken down pieces of rock mixed with coarse
sediments as shown in Figure 4.11
4.5.1.2 Undeveloped Land: River Floodplain
This class consists of undeveloped land, which includes mainly grasses and a few spread bushes.
This land cover is normally located within the Rio Grande floodplain and contains some native grasses
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and soils. It is typical of an undeveloped land that was trimmed or mowed at some point in time and
now it is idle or vacant. The photo on Figure 4.12 shows this class.
4.5.1.3 Undeveloped Land: Desert Sands
Our study area does not show this class as it is present normally at mid-elevations around the
1,200 m amsl; area out of bounds from our study area, but present in the El Paso-Juárez region. These
elevations correspond to areas mostly in the upper part of the valley along the slopes of the Rio Grande
valley and above the mesas. These areas are partially covered by sand dunes with very little vegetation.
Figure 4.13 shows this land cover along the west side of the El Paso Upper Valley.
4.5.1.4 Undeveloped Land: Desert Vegetation
This classification is characterized by undeveloped land in transition to be developed. Some
areas still have grasses, but others have no vegetative cover at all as the land is in process of being
developed. Figure 4.14 shows a photo of the landscape for this class.
4.5.1.5 Agricultural Land: Alfalfa and Other Crops
This classification was generated based on a ROI mapping a crop of alfalfa. However, while
generating the supervised classification map it seems that other crops were included in this
classification. Most probably there are other crops included, such as cotton and chile. Figure 4.15
shows the landscape for the mapped ROI.
4.5.1.6 Agricultural Land: Pecan and Other Trees
Pecan and other trees seemed to be distinguished fairly well from other agricultural land and
vegetated areas such as golf courses or urban parks. This ROI was mapped from a pecan tree farm about
2 km north of the boundary our study area and Artcraft Rd. The supervised classification generated a
few other areas with similar spectral reflectance values. The mapped ROI was photographed and is
shown on Figure 4.16.
4.5.1.7 Agricultural Land: Uncultivated/Barren
Figure 4.17 shows the ROI mapped to designate this class. The uncultivated land consists of
agricultural land that was not cultivated at the time of the acquisition. This does not mean that the land
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has never been cultivated. As seen on the picture the land has no vegetation what so ever as it was
probably on the process of being aerated to be cultivated soon. Some areas within this class do not
necessarily match 100% to uncultivated land but correspond to building rooftops with very high
reflectance. The one or two areas visible in our study area with these characteristics can be easily
distinguished due to their rectangular shape.
4.5.1.8 Urban Land: High Density
Urban land areas classified as high density are mostly areas with extremely high values of
spectral reflectance. The ROI mapped in this class is the concrete lined canal of the Rio Grande river
close to the Down Town International Bridge joining the Avenida Lerdo in Juarez and El Paso Street in
El Paso, TX (Figure 4.18). This class is hardly seen in our study area; however most of the areas shown
in bright red correspond to areas of concrete, caliche or any other barren material with high reflectance.
4.5.1.9 Urban Land: Medium Density
The medium density urban land is characterized by paved streets and built up areas. Figure 4.19
shows the parking lot at the Sunland Park Mal, which is one of the mapped ROI for this class. Landing
stripes, streets, and parking lots, fall into this land use/land cover.
4.5.1.10 Urban Land: Low Density
This land cover is characterized by a developed area with less than 70% of non-permeable area.
The photo shown in Figure 4.20 shows the typical land use under this classification.
4.5.1.11 Urban Land: Golf Course/Urban Park
Land use/land cover under this classification is depicted on the photo shown in Figure 4.21. This
class consists of urban grasses and trees such as those existent on a golf course or an urban park, such a
recreational center with soccer and baseball fields.
4.5.l.12 Urban Land: Underdevelopment
The class underdevelopment consists of land that has been cleared from vegetation and mostly
flattened out. This land has a very high spectral reflectance as expected from the arid soils and
limestone aggregate byproducts. Sample landscape for this class is shown in Figure 4.22.
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The graded surfaces in our land use/land cover classification map are surfaces similar to those as
surfaces underdevelopment as they visually appear to be the same. However graded surface have been
barren for some period of time and does not show extremely high reflectivity as land underdevelopment.
4.5.1.13 Other: Surface Water
The Surface water ROI was mapped by digitizing a couple of detention ponds in the study area.
All water bodies in the region were classified and verified for accuracy and all of them were identified
properly. Figure 4.23 shows one of the small detention ponds located within the study area. It is well
mentioning that most of the ponds located in the El Paso Upper Valley contain some amount of water
year-round, while detention ponds at higher elevations are virtually dry throughout the year but after a
storm.
4.5.2

DEM Generation
The elevation dataset provided by the TXDOT and processed with GM offered a reasonably

accurate and reliable DEM (Figure 4.24). While the generated grid DEM of 0.91 m (3.0 ft) pixel size
picked up most of the topographic detail in real life, it has some minor problems for our purpose. One
problem was at the intersection of overpasses or underpasses. Most of these intersections missed the
overpass or bridge. Other inaccuracies were detected on some irrigation channels, were the actual
channel is shown as high as the levees that bounds it. This is possible perhaps, if the water level running
in the channel was as high as the levees, however, this is unlikely. It is well noted that several detention
ponds are located along Doniphan St. were the topographic relief diminishes considerably and reaches
the current Rio Grande valley. The interstate highway I-10 runs around the 1,200-m contour line at the
eastern boundary of our study area. From I-10 west, surface elevation gradually reaches the 1,440-m
contour line at about Doniphan St. From Doniphan St. to the Rio Grande continuing west, topography
basically flattens out creating various natural small closed basins (Figure 4.24). These closed basins or
natural ponds would be able to percolate any stormwater accumulation in a natural stage. However,
urbanization has shrinking these permeable surfaces so much that takes too much time for water to
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infiltrate the subsurface which are known to contain interlayered clay beds that serve as barriers beneath
the surface.
4.5.3

Watershed Delineation
The study area was divided in sub-basins as explained in the methods section. The 16 sub-basins

within our study area are shown in Figure 4.9. Most of the sub-basins located between I-10 and
Doniphan St. have an elongated shape with their longer side of about 1 km in length oriented in a westeast direction by about 500 m wide. Sub-basins located between Doniphan St. and the Montoya Drain
have a more squared shape of about 1 km in length on each side. Last, the only sub-basin located
between the Rio Grande and the Montoya Drain is elongated in shape with its longest side oriented in a
north-south direction, measuring a little over 2 km in length and not more than 700 m wide. Note that
Figure 4.9 shows sub-basins in four different colors depending on our own classification based on the
possibility of flooding due to a lacking or inadequate stormwater system. Green sub-basins are those
who seemed to have an adequate stormwater system and land use is mostly developed in most parts of
the sub-basin; blue, shows sub-basins that have been developed but seemed vulnerable as their
stormwater system seemed to be rather small or under-capacity; orange, depicts sub-basins that are in
their natural stage and completely lack of a developed stormwater system; and red, are those basins that
are currently under development and do not have a constructed stormwater system.
By subdividing the study area into these types of sub-basins, we were able to concentrate better
on the areas of potential concern. We addressed our attention to the areas in red and orange in Figure
4.9.

These areas have the commonality of lacking an engineered stormwater system in place,

furthermore they pose the risk of been developed and either improve or worsen flooding when a storm
arrives. This said, the northern most sub-basin is the Paseo del Norte sub-basin, which has the largest
catchment area of all, and while lacks a developed stormwater system, still drains somewhat freely into
the Rio Grande. The Rio Grande is able to capture the contributing discharge from this sub-basin
reducing in great part the possibility of flooding along its course. The Montoya Heights arroyo subbasin has been partially developed within the last five years. The TXDOT DEM is outdated and the
recently developed stormwater system seems to be adequate for the area. However, the uppermost part
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of the arroyo still in its natural stage, posing high probability of being developed due to its close
proximity with I-10. The area within the Helen of Troy arroyo sub-basin can be defined as mostly rural
or natural. The lower 35% of the arroyo is occupied by businesses with paved surfaces and junkyards
with surfaces in their natural stage. The adjacent upper 15% is occupied by mobile homes situated in
unpaved surface. And the uppermost half of the arroyo is in its natural stage with no development at all.
This arroyo lacks of any stormwater infrastructure and drains practically to Doniphan St. The next subbasin south is the recently improved Three Hills North arroyo, fed in part by the northern section of
Mulberry Dam built around the Three Hills area, east of I-10. The Three Hills North arroyo sub-basin is
only concrete lined the last 300 or 400 m before reaching Doniphan St. Thanks to the improvements
made to the Three Hills North arroyo after the 2006 storm, stormwater runoff from Montoya Drain and
Helen of Troy arroyo is captured by the Three Hills North arroyo and virtually removed from Doniphan
St. to eventually be discharged into the Montoya Drain through four circular reinforced concrete
culverts. This stormwater drain takes care of most of the runoff generated from here north. The
southernmost sub-basin in our study area with potential concern is the Redd Rd. North sub-basin. This
area has suffered considerable changes over time in terms of its land use and topographic landscape. In
the last five or ten years, natural channels and ponds have been filled up using heavy equipment that
looks very different today from what it looked like before 1995. The southwestern corner of the Redd
Rd. north sub-basin is located at the intersection of Doniphan St. and Redd Rd. an area that suffers
flooding constantly after almost any considerable storm. Figure 4.25 shows the flooded area after the
August 1, 2006 storm. Local residents of the area even referred to the area as Redd Lake. This study
makes emphasis on the Redd Rd. North sub-basin as this area is the most problematic of all the other
sub-basins. The section below explains the findings on how this particular basin floods and why we
believe is a critical area for our study.
4.5.4

Floodplain Delineation
We used WMS to delineate the floodplain areas for the Redd Rd. North sub-basin. The DEM

used for generating the floodplain map was the DEM explained above derived from the TXDOT
elevation points with a pixel size of 0.91 m (3 ft). The Redd Rd. North sub-basin floodplain map on
106

Figure 4.26, illustrates the flood prone areas overlaying the aerial photography of the area. Flood prone
areas are those areas with a colored banded region within the map. Blue denotes deeper waters of up to
2.71 m; while red colored areas show the least possible areas to flood with water depths of less than 0.20
m. The two areas in blue in Figure 4.26 match to the location of flood prone areas on the field, with
special attention to the area on the southernmost part of the sub-basin. This region corresponds to a
formerly natural pond area that has been filled up with aggregate materials in the last decade. Authors
took water samples from this natural pond more than 11 years ago, where stormwater would stay for
long periods of time after any fallen storm. It is worth mentioning that the 2003 TXDOT DEM used for
these calculations does not reflects entirely the current topography of the area. Said this, the floodplain
map generated with this study shows the conditions on 2003 and depicts this pond as an area of
considerable flooding. Pond that has been modified almost entirely and shows no signs of been replaced
or to be replaced with any stormwater infrastructure for controlling flooding. This poses a threat for
increased flooding in the area with no doubt. The second area with deeper water depths shown in blue at
the western edge of the Redd Rd. North sub-basin corresponds to the area west of Doniphan St. and the
railroad tracks. This area is a linear topographic low of a hybrid developed-natural drain that collects
stormwater and takes stormwater runoff south. Stormwater collected by this drain is taken further south
to the intersection of Doniphan St. and Redd Rd. This intersection is also the lower topographic point
for stormwater collected further south along Doniphan St. Therefore, this intersection works as a
collection pond for what it seems to be working as a closed sub-basin fed in great part by the Redd Rd.
North sub-basin.
4.5.5

Rainfall and IDF Curves
Rainfall is an extremely important parameter for simulating the amount of runoff generated at

any given basin. We analyzed a broad range of precipitation data collected by various entities. The
various precipitation stations affiliated with one or more groups that provide guidelines on how to
collect data as well as oversee the quality of data and store historical records digitally at their facilities.
These precipitation stations are located at schools, TV stations, universities, federal, state, or local
government agencies, and a few others are located at private residences or industry facilities. The
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organizations in charge of maintaining, collecting, and storing the collected data are a) Community
Collaborative Rain, Hail and Snow Network – CoCoRaHS (2009), b) the GLOBE Program – GLOBE
(2009), c) Texas Commission on Environmental Quality – TCEQ (2009), d) National Oceanic and
Atmospheric Administration NOAA, at Santa Teresa, NM, (NOAA-NWS, 2009) and e) the NOAA
National Climatic Data Center – NCDC (2009).
There are a couple of stations with close proximity (less than 400 m) to the Redd Rd. North
sub-basin. These two stations, NWS18, located at 31.863125 N, 106.581802 W; and NWS34, located at
31.860658 N, 106.578275 W; recorded 165.1 mm (6.5 in) and 132.1 mm (5.2 in) respectively during the
August 1st, 2006 storm versus 72 mm recorded at the airport during the same date. Additionally, the
existing 100-yr storm IDF curve for El Paso (Figure 4.27), which is based on data recorded at the El
Paso International Airport, suggests a depth precipitation of 96 mm for storm duration of 24 hours. This
means that the amount of rainfall precipitated on August 1, 2010, at NWS24 and NWS18 was 1.7 and
1.4 times respectively with the values recorded at the El Paso International Airport. It is clear then, that
these curves need to be improved to reflect these extreme precipitation events. Moreover, if climate
change predictions for the US southwestern states are accurate, this means that the area will suffer of
more localized flash floods and a more humid climate. Considerations need to be made to foresee these
wetter and localized precipitation patterns. We then should plan for more extreme conditions of weather
and climate.
4.6

Discussion
Our study revealed several important aspects with regards flooding and the conditions of the

natural and built stormwater system for the El Paso Upper Valley. First, the considerable decrease in
slope from I-10 highway and Doniphan St. of about 0.041 m/m to Doniphan St. and the Rio Grande of
about 0.001 m/m offers a natural and logic place prone to flood, but it is exacerbated when a mixture of
stormwater systems is present, such as a natural drain system, an irrigation system that in many areas is
not active anymore, and a mostly concrete lined stormwater system that was designed to satisfy a
localized region and not a broader area. Second, IDF curves and all hydrological studies for El Paso,
Texas, should be updated to reflect the changing conditions of climate change towards a wetter climate
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for the El Paso area. Better yet, we should plan for more extreme conditions, including more localized,
and shorter duration storms with an increase of drought periods as well. Third, the small topographic
variation within the El Paso Upper Valley, and the resolution of our elevation dataset, limited the
accuracy of our study. To better assess the hydrology of the area and other areas in the City of El Paso,
the city could acquire LIDAR data and greatly improve hydrologic and other engineering projects for
the city. Fourth, stormwater infrastructure to be built in the future at the El Paso Upper Valley and other
similar areas in the region, should be designed considering the existing natural and irrigation drains and
retrofit them all to account for the added streamflow from any contributing sub-basin. We recommend
allowing water to reach an existing irrigation channel, irrigation ditch or better yet the Rio Grande than
promoting on-site draining. In many cases, irrigation drains and even distribution ditches have been
abandoned and are idle linear pieces of land that could very well serve the purpose of moving
stormwater out of the system. Finally, for any natural arroyos within undisturbed undeveloped land that
are soon to be developed, it is recommended as much as possible to leave the banks of the arroyo
untouched and possibly widen these areas through the designation of environmental or stormwater
easements to give enough space to stormwater runoff to reach their outlet without any inconveniences.
These easements however, should be designated prior to development.
4.7

Conclusions
To conclude our investigation we summarize our findings as fallows. The existing IDF curves

do not accurately represent precipitation at the small-scale level for other areas away from the El Paso
International Airport. This was evident with the high-recorded precipitation readings at other stations
located throughout and away from the El Paso airport. Recognize, as an accurate source of information
the number of precipitation stations from the various agencies mentioned on the content of this study, is
a good start to make a precipitation network denser. By making this network denser, the number of
records available will eventually support a different rainfall distribution for the El Paso region, which
ultimately, should drive a better precipitation model and more accurate IDF curves.
From comparing the various sub-basins within our study area we noticed that those sub-basins
that discharge their effluent into the Rio Grande or into irrigation ditches, are those sub-basins that have
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less potential problems in terms of flooding. While detention ponds within these sub-basins are a
solution to flooding, most of the times these ponds are kept full and will not empty within 72 hours of a
storm. If a second storm of large magnitude fell within those 72 hours, the stormwater system will
certainly not be able to handle that amount of water. That is why we believe that allowing stormwater to
reach the river or an irrigation ditch will alleviate the flooding problem, considering the proper channel
capacity for handling the flows of concern. It is also important to mention that in order to improve
infiltration to the subsurface and promote aquifer recharge; channels should be left in its natural stage as
much as possible with increasing the risk of erosion in areas with close proximity to developed areas.
Our floodplain map depicts the surface topography of the Redd Rd. north sub-basin from 2003 to
around 2007. Our results showed that this sub-basin contributes in great part to flooding the intersection
of Redd Rd. and Doniphan St. Furthermore, the fact that grading the area has considerably altered this
sub-basin and filling up a former natural pond makes this land an area of increased concern.
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Figure 4.1: Map of the El Paso Upper Valley showing area of study in the red rectangle.
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Figure 4.2: Location Map of the study area overlaid on top of an aerial photograph. Waterways are
shown in blue with a predominant flows direction from north to south and east to west.
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Figure 4.3: Map of Northwest El Paso showing regions of localized flooding within the study area.
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Figure 4.4: Annual total precipitation (in cm) at El Paso International Airport (KEPZ) (Data Source:
NCDC, 2009).
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Figure 4.5: Measured precipitation for the Paso del Norte region for August 1, 2006.
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Figure 4.6: Spectral Reflectance curves overlaid by ASTER and Landsat TM sensors wavelengths
(Source: Kalinowski and Oliver, 2004).
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Figure 4.7: Color composite ASTER Level-2 satellite image of the El Paso, TX,-Ciudad Juarez, MX,
order region displayed in Red: Band 3, Green: Band 2, and Blue: Band 1.
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Figure 4.8: Land use/land cover map generated from an ASTER satellite image taken on May 11th, 2006.
Land use/land cover were extracted with the application of supervised classification
process using ENVI software.
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Figure 4.9: Study area in the El Paso Upper Valley showing sub-basin boundaries.
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Figure 4.10: Study area in the El Paso Upper Valley showing land use/land cover as provided by The
City of El Paso (2008), as well as the hydrography network as generated from the DEM.
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Figure 4.11: Undeveloped land: Exposed rock. Satellite 3 dimensional rendering taken from Google
Maps (maps.google.com, 2010)
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Figure 4.12: Undeveloped land: River Floodplain. Photo shows land cover adjacent to Rio Grande and
the Artcraft highway, which crosses from west to east in the Northwestern part of El Paso,
TX.
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Figure 4.13: Undeveloped land: Desert Sands shown in a 3 dimensional rendering of an area close to the
Pete V. Domenici Memorial Highway or New Mexico State Highway 136 on the back of
the aerial view looking in a southwesterly direction (maps.google.com, 2010).
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Figure 4.14: Undeveloped land: Desert Vegetation. This aerial photography was acquired from the
Google Maps website (maps.google.com, 2011). It depicts a land cover adjacent to the Rio
Grande.
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Figure 4.15: Agricultural Land: Alfalfa and Other Crops. Typical landscape of an alfalfa field along the
Rio Grande upper valley located in western El Paso, TX.
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Figure 4.16: Agricultural Land: Pecan and Other Trees. Photo of a small pecan tree parcel depicting an
agricultural land cover. This section was the source of the ROI for our supervised
classification.
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Figure 4.17: Agricultural Land: Uncultivated/Barren. This photo shows undisturbed and uncultivated
soils with native vegetation. This same spot was used for mapping the region of interest on
the supervised classification.
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Figure 4.18: Urban Land: High Density. View to the west looking at the railroad track bridges and the
Down Town International bridge joining Juarez, Mexico (left) with El Paso, Texas (right).
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Figure 4.19: Urban Land: Medium Density. Aerial view of a medium-density land cover in the El Paso
upper valley (maps.google.com, 2011).
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Figure 4.20: Urban Land: Low Density. Aerial photo taken from www.bing.com (2011) showing a lowdensity land cover. Note the mixture of commercial and residential land use allowing for a
less than 70% of non-permeable land.
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Figure 4.21: Urban Land: Golf Course/Urban Park. Aerial photograph of the El Paso Country Club
shown this particular land cover (www.bing.com, 2011).
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Figure 4.22: Urban Land: Underdevelopment. Top: aerial photograph taken from maps.google.com
(2011). It shows the Redd Rd. sub basin subject for further analysis on this chapter. It is a
land under development where most of vegetation has been cleared out and reworked to
level out as much as possible. Bottom: Same location but looking north from ground level.
Note that the area has been considerably changed from its original landscape by filling
small but active arroyos.
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Figure 4.23: Other: Surface Water. Photograph taken from one of the boundaries of a detention pond
almost adjacent to Doniphan, street.
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Figure 4.24: Digital Elevation Model along the El Paso Upper Valley.

134

Figure 4.25: Photograph showing the intersection between Doniphan St. and Redd Rd. where localized
flooding occurs frequently. The photo was taken in the afternoon of August 1st, 2006 after
the El Paso flood event. Photo by Barnchaser@Webshots.com (2006).
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Figure 4.26: illustrates the flood prone areas overlaying the aerial photography of the area.
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Figure 4.27: Precipitation Intensity-Duration Curves for the 100-Year storm for Selected Localities in
Texas (USGS, 1998).
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Chapter 5: Synthesis
The goal of this dissertation is to make recommendations for urban development resulting from
an integrated hydrological study considering extreme weather and hydrological conditions.

The

investigation included three different basins located within the El Paso-Juárez area that were affected
during the 2006 flood and have a strong hydrologic connection between undeveloped and developed
land. Each area was addressed differently due to the nature of its geography, urban or natural setting,
and land use characteristics. Each study area provided specific conclusions and recommendations,
however all recommendations can be applied interchangeably to other areas to improve the current
stormwater system.
In Chapter 2, “Peak Discharge Calculation For An Undeveloped Area Within The City of El
Paso, Texas, using a comprehensive GIS analysis”, I concluded that the amount of rainfall received
around the Franklin Mountain was extreme and with no doubt surpassed any precipitation projections
based on data recorded at the El Paso International airport, which is the official site for the entire City of
El Paso. The study showed that Qp at the Thunderbird basin outlet can reach between 112 to 130 m3/s in
30 min considering the orographic enhancement of rainfall. This value is twice the amount of runoff not
considering the orographic effect, which varies between 56 and 65 m3/s. Additionally, I determined that
the amount of precipitation is the variable that has the most impact on Qp leaving other parameters such
as topographic relief, soil infiltration, vegetation cover, and drainage system surface, to have very little
impact on Qp.
In Chapter 3, “Potential Flood Risk Increase in the Lower Elevations of Ciudad Juárez, Mexico,
Due to the Construction of the Camino Real Highway”, I concluded that the construction of the Camino
Real highway did not increase the risk of flooding at lower elevations in the urban area of the
northwestern part of Ciudad Juárez. Additionally, LiDAR data acquired in 2008, greatly improved the
accuracy and reliability of the hydrological model of the Arroyo de Las Víboras basin, like the addition
of 6.4 km2 to its total size from the previous basin area delimited from elevation data derived from
INEGI.

The gradient and orientation of paved and unpaved roads, allows stormwater runoff to

continuously flow and reach the Rio Grande minimizing accumulation. Detention dams were properly
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located and therefore are working adequately, accumulating water that eventually needs to be released
slowly to prevent potential failure in case of reaching their capacity.
In Chapter 4, “Flooding Attributed to Recent Urban Development In The Upper Valley of The
Rio Grande, El Paso, Texas”, the main conclusion was that Flooding in the study area is exacerbated as
a result of a mixture of stormwater systems, where natural drains, irrigation channels, detention ponds,
and concrete lined stormwater channels coexist without taking advantage of each other to work as an
integrated stormwater system. This occurs in many of the localized stormwater systems as they were
designed to satisfy an isolated small-developed area and not a broader more coherent region. Most
probably, this occurred due to the various stages of development that the valley has suffered. Remote
sensing analysis showed the numerous land cover classes in the study area, revealing a great variety and
detail of classes that are not present in the official land use map from the City of El Paso. Finally, the
100-yr floodplain map generated for the Redd Road sub-basin, depicts the surface topography of the
area prior to 2007. Results show that Redd Road sub-basin is the main contributor to flooding at the
Redd Road-Doniphan Street intersection. This area has been under development for about 2 or 3 years
and the basin topography has been altered considerably by grading and filling of a natural pond. This
means that what used to be a natural pond that could prevent some level of flooding, by reducing the
size of this pond, stormwater runoff will certainly flood the Redd Road-Doniphan Street intersection.
From the time invested on the three projects included on this dissertation, I list the following
conclusions and recommendations, which apply not only to each particular project, but also to all study
areas and similar areas in the El Paso-Juárez region. The overall project conclusions are as follows:
•

Urbanization can improve or worsen a pre-existing natural stormwater system if built under its
required capacity.

•

Such capacity should be calculated considering extreme weather conditions, based on a denser
network of precipitation stations to capture the various microclimates found in the region and
taking into account climate change predictions.

•

Development of new areas need to consider not only the watershed of study but its relation to
other watersheds around them
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•

Basin parameters seemed to be of low impact while comparing them with precipitation rates.

•

High resolution DEMs, such as those derived from LiDAR can dramatically improve the
accuracy and reliability of a hydrological model. Hardware capabilities and limitations however
should be considered.

•

The overall recommendations derived from this dissertation are to direct new studies, policies
and regulations at the three levels of government – local, state and federal – to:

•

Limit urban development to areas of no or low potential for flooding,

•

Implementing some type of ecological, green corridors, or conservation easements to preserve
these areas,

•

Build semi-natural or hybrid stormwater infrastructure to slowdown, collect, and ultimately,
transport runoff to the Rio Grande or any other waterway,

•

Consider extreme wet and dry scenarios for designation of flood-prone areas and future
construction of stormwater infrastructure, and

•

Design stormwater infrastructure to retrofit the existing natural and irrigation drains.
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Appendix
Appendix A. Streamflow data for Government Ditch Station, Central El Paso (USGS, 2010)
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Appendix B. Intensity Rainfall data for Santa Teresa, NM (NOAA, 2010)
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Appendix C. Thunderbird Basin Runoff Curve Number Report Calculated With WMS
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Appendix D. Streamflow data for McKelligon Canyon Station (USGS, 2010)
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